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Last painting by Gilbert Stuart (1828). Considered by the family of 
Bowditch to be the best of various paintings made, although it was unfin- 
ished when the artist died. 


NATHANIEL BOWDITCH 


(1773-1838) 


Nathaniel Bowditch was born on March 26, 1778, at Salem, Mass., fourth of the 
seven children of shipmaster Habakkuk Bowditch and his wife, Mary. 

Since the migration of William Bowditch from England to the Colonies in the 
17th century, the family had resided at Salem. Most of its sons, like those of other 
families in this New England seaport, had gone to sea, and many of them became 
shipmasters. Nathaniel Bowditch himself sailed as master on his last voyage, and 
two of his brothers met untimely deaths while pursuing careers at sea. 

It is reported that Nathaniel Bowditch’s father lost two ships at sea, and by 
late Revolutionary days he returned to the trade of cooper, which he had learned in 
his youth. This provided insufficient income to properly supply the needs of his 
growing family, and hunger and cold were often experienced. For many years the 
nearly destitute family received an annual grant of 15 to 20 dollars from the Salem 
Marine Society. By the time Nathaniel had reached the age of 10, the family’s 
poverty necessitated his leaving school and joining his father in the cooper’s trade. 

Nathaniel was unsuccessful as a cooper, and when he was about 12 years of 
age, he entered the first of two ship-chandlery firms by which he was employed. It 
was during the nearly 10 years he was so employed that his great mind first 
attracted public attention. From the time he began school Bowditch had an all- 
consuming interest in learning, particularly mathematics. By his middle teens he 
was recognized in Salem as an authority on that subject. Salem being primarily a 
shipping town, most of the inhabitants sooner or later found their way to the ship 
chandler, and news of the brilliant young clerk spread until eventually it came to 
the attention of the learned men of his day. Impressed by his desire to educate 
himself, they supplied him with books that he might learn of the discoveries of 
other men. Since many of the best books were written by Europeans, Bowditch first 
taught himself their languages. French, Spanish, Latin, Greek, and German were 
among the two dozen or more languages and dialects he studied during his life. At 
the age of 16 he began the study of Newton’s Principia, translating parts of it from 
the Latin. He even found an error in that classic, and though lacking the confi- 
dence to announce it at the time, he later published his findings and had them 
accepted. 

During the Revolutionary War a privateer out of Beverly, a neighboring town 
to Salem, had taken as one of its prizes an English vessel which was carrying the 
philosophical library of a famed Irish scholar, Dr. Richard Kirwan. The books were 
brought to the Colonies and there bought by a group of educated Salem men who 
used them to found the Philosophical Library Company, reputed to have been the 
best library north of Philadelphia at the time. In 1791, when Bowditch was 18, two 
Harvard-educated ministers, Rev. John Prince and Rev. William Bentley, persuaded 
the Company to allow Bowditch the use of its library. Encouraged by these two men 
and a third—Nathan Read, an apothecary and also a Harvard man—Bowditch 
studied the works of the great men who had preceded him, especially the mathema- 
ticians and the astronomers. By the time he became of age, this knowledge, ac- 
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quired before and after his long working hours and in his spare time, had made 
young Bowditch the outstanding mathematician in the Commonwealth, and per- 
haps in the country. 

In the seafaring town of Salém, Bowditch was drawn to navigation early, 
learning the subject at the age of 13 from an old British sailor. A year later he 
began studying surveying, and in 1794 he assisted in a survey of the town. At 15 he 
devised an almanac reputed to have been of great accuracy. His other youthful 
accomplishments included the construction of a crude barometer and a sundial. 

When Bowditch went to sea at the age of 21, it was as captain’s writer and 
nominal second mate, the officer’s berth being offered him because of his reputation 
as a scholar. Under Captain Henry Prince, the ship Henry sailed from Salem in the 
winter of 1795 on what was to be a year-long voyage to the Ile de Bourbon (now 
called Réunion) in the Indian Ocean. 

Bowditch began his seagoing career when accurate time was not available to 
the average naval or merchant ship. A reliable marine chronometer had been 
invented some 60 years before, but the prohibitive cost, plus the long voyages 
without opportunity to check the error of the timepiece, made the large investment 
an impractical one. A system of determining longitude by “lunar distance,” a 
method which did not require an accurate timepiece, was known, but this product 
of the minds of mathematicians and astronomers was so involved as to be beyond 
the capabilities of the uneducated seamen of that day. Consequently, ships navigat- 
ed by a combination of dead reckoning and parallel sailing (a system of sailing 
north or south to the latitude of the destination and then east or west to the 
destination). 

To Bowditch, the mathematical genius, computation of lunar distances was no 
mystery, of course, but he recognized the need for an easier method of working 
them in order to navigate ships more safely and efficiently. Through analysis and 
observation, he derived a new and simplified formula during his first trip. 

John Hamilton Moore’s The Practical Navigator was the leading navigational 
text when Bowditch first went to sea, and had been for many years. Early in his 
first voyage, however, the captain’s writer-second mate began turning up errors in 
Moore’s book, and before long he found it necessary to recompute some of the tables 
he most often used in working his sights. Bowditch recorded the errors he found, 
and by the end of his second voyage, made in the higher capacity of supercargo, the 
news of his findings in The New Practical Navigator had reached Edmund Blunt, a 
printer at Newburyport, Mass. At Blunt’s request, Bowditch agreed to participate 
with other learned men in the preparation of an American edition of the thirteenth 
(1798) edition of Moore’s work. The first American edition was published at New- 
buryport by Blunt in 1799. This edition corrected many of the errors that Moore 
had failed to correct. Although most of the errors were of little significance to 
practical navigation as they were errors in the fifth and sixth places of logarithm 
tables, some errors were significant. The most significant error was listing the year 
1800 as a leap year in the table of the sun’s declination. The consequence was that 
Moore gave the declination for March 1, 1800, as 7°11’. Since the actual value was 
7°33’, the calculation of a meridian altitude would be in error by 22 minutes of 
latitude. 

Bowditch’s principal contribution to the first American edition was his chapter 
“The Method of finding the Longitude at Sea,’ which was his new method for 
computing the lunar distance. Following publication of the first American edition, 
Blunt obtained Bowditch’s services in checking the American and English editions 
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for further errors. Blunt then published a second American edition of Moore’s 
thirteenth edition in 1800. When preparing a third American edition for the press, 
Blunt decided that Bowditch had revised Moore’s work to such an extent that 
Bowditch should be named as author. The title was changed to The New American 
Practical Navigator and the book was published in 1802 as a first edition. 

Bowditch made a total of five trips to sea, over a period of about 9 years, his 
last as master and part owner of the three-masted Putnam. Homeward bound from 
a 13-month voyage to Sumatra and the Ile de France (now called Mauritius) the 
Putnam approached Salem harbor on December 25, 1803, during a thick fog without 
having had a celestial observation since noon on the 24th. Relying upon his dead 
reckoning, Bowditch conned his wooden-hulled ship to the entrance of the rocky 
harbor, where he had the good fortune to get a momentary glimpse of Eastern 
Point, Cape Ann, enough to confirm his position. The Putnam proceeded in, past 
such hazards as “Bowditch’s Ledge” (named after a great-grandfather who had 
wrecked his ship on the rock more than a century before) and anchored safely at 
1900 that evening. Word of the daring feat, performed when other masters were 
hove-to outside the harbor, spread along the coast and added greatly to Bowditch’s 
reputation. He was, indeed, the “practical navigator.” 

His standing as a mathematician and successful shipmaster earned him a 
lucrative (for those times) position ashore within a matter of weeks after his last 
voyage. He was installed as president of a Salem fire and marine insurance compa- 
ny, at the age of 30, and during the 20 years he held that position the company 
prospered. In 1823 he left Salem to take a similar position with a Boston insurance 
firm, serving that company with equal success until his death. 

From the time he finished the “Navigator” until 1814, Bowditch’s mathematical 
and scientific pursuits consisted of studies and papers on the orbits of comets, 
applications of Napier’s rules, magnetic variation, eclipses, calculations on tides, 
and the charting of Salem harbor. In that year, however, he turned to what he 
considered the greatest work of his life, the translation into English of Mécanique 
Céleste, by Pierre Laplace. Mécanique Céleste was a summary of all the then known 
facts about the workings of the heavens. Bowditch translated four of the five 
volumes before his death, and published them at his own expense. He gave many 
formula derivations which Laplace had not shown, and also included further discov- 
eries following the time of publication. His work made this information available to 
American astronomers and enabled them to pursue their studies on the basis of 
that which was already known. Continuing his style of writing for the learner, 
Bowditch presented his English version of Mécanique Céleste in such a manner that 
the student of mathematics could easily trace the steps involved in reaching the 
most complicated conclusions. 

Shortly after the publication of The New American Practical Navigator, Har- 
vard College honored its author with the presentation of the honorary degree of 
Master of Arts, and in 1816 the college made him an honorary Doctor of Laws. 
From the time the Harvard graduates of Salem first assisted him in his studies, 
Bowditch had a great interest in that college, and in 1810 he was elected one of its 
Overseers, a position he held until 1826, when he was elected to the Corporation. 
During 1826-27 he was the leader of a small group of men who saved the school 
from financial disaster by forcing necessary economies on the college’s reluctant 
president. At one time Bowditch was offered a Professorship in Mathematics at 
Harvard but this, as well as similar offers from West Point and the University of 
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Virginia, he declined. In all his life he was never known to have made a public 
speech or to have addressed any large group of people. 

Many other honors came to Bowditch in recognition of his astronomical, mathe- 
matical, and marine accomplishments. He became a member of the American 
Academy of Arts and Sciences, the East India Marine Society, the Royal Academy 
of Edinburgh, the Royal Society of London, the Royal Irish Academy, the American 
Philosophical Society, the Connecticut Academy of Arts and Sciences, the Boston 
Marine Society, the Royal Astronomical Society, the Palermo Academy of Science, 
and the Royal Academy of Berlin. 

Nathaniel Bowditch outlived all of his brothers and sisters by nearly 30 years. 
Death came to him on March 16, 1888, in his sixty-fifth year. The following eulogy 
by the Salem Marine Society indicates the regard in which this distinguished 
American was held by his contemporaries: 

“In his death a public, a national, a human benefactor has departed. Not this 
community, nor our country only, but the whole world, has reason to do honor to 
his memory. When the voice of Eulogy shall be still, when the tear of Sorrow shall 
cease to flow, no monument will be needed to keep alive his memory among men; 
but as long as ships shall sail, the needle point to the north, and the stars go 
through their wonted courses in the heavens, the name of Dr. Bowditch will be 
revered as of one who helped his fellow-men in a time of need, who was and is a 
guide to them over the pathless ocean, and of one who forwarded the great interests 
of mankind.” 

The New American Practical Navigator was revised by Nathaniel Bowditch 
several times after 1802 for subsequent editions of the book. After his death, 
Jonathan Ingersoll Bowditch, a son who made several voyages, took up the work 
and his name appeared on the title page from the eleventh edition through the 
thirty-fifth, in 1867. In 1868 the newly organized U.S. Navy Hydrographic Office 
bought the copyright. Revisions have been made from time to time to keep the work 
in step with navigational improvements. The name has been altered to the Ameri- 
can Practical Navigator, but the book is still commonly known as “Bowditch.” A 
total of more than 900,000 copies has been printed in about 70 editions during the 
more than a century and a half since the book was first published in 1802. It has 
lived because it has combined the best thoughts of each generation of navigators, 
who have looked to it as their final authority. 
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PREFACE 


This 1984 edition has afforded the opportunity to incorporate changes to clarify 
certain parts of the text. In addition minor corrections and modifications have been 
made including a change to the name of the Agency responsible for this publication 
to Defense Mapping Agency Hydrographic/Topographic Center (DMAHTC). 

Appendix Y, Buoyage Systems, has been expanded to include the Modified U.S. 
Aids to Navigation System and the International Association of Lighthouse Authori- 
ties (ALA) Maritime Buoyage System, Region A and Region B. In addition the metric 
side of Port Maury, the fictitious nautical chart in chapter V, has been revised to 
include the IALA Buoyage System, Region B. 

A description of the NAVSTAR Global Positioning System (GPS) has been added 
to the Satellite Navigation chapter. 

A new piloting method, called the slide bar technique, has been added to Chapter 
X, Piloting. 

The description of Loran-A in Appendix R has been replaced by a table for the 
Greenwich Hour Angle (GHA) and Declination of the Sun for the years 1981-2016. 

Appendix Z, Extracts from Chart No. 1, has been deleted from this edition. 

The text of this 1984 edition was produced on magnetic tape which was then used 
to photocompose each page. 

Users should refer corrections, additions, and comments for improving this 
product to DIRECTOR, DEFEN SE MAPPING AGENCY HYDROGRAPHIC/ 
TOPOGRAPHIC CENTER, ATTN: PR, Washington, D.C. 20315. 
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CHAPTER I 


HISTORY OF NAVIGATION 


Introduction 


101. Background.—Navigation began with the first man. One of his first con- 
scious acts probably was to home on some object that caught his eye, and thus land 
navigation was undoubtedly the earliest form. His first venture upon the waters 
may have come shortly after he observed that some objects float, and through 
curiosity or an attempt at self-preservation he learned that a larger object, perhaps 
a log, would support him. Marine navigation was born when he attempted to guide 
his craft. 

The earliest marine navigation was a form of piloting, which came into being 
as man became familiar with landmarks and used them as guides. Dead reckoning 
probably came next as he sought to predict his future positions, or perhaps as he 
bravely ventured farther from landmarks. Celestial navigation, as it is known 
today, had to await acquisition of information regarding the motions of the heaven- 
ly bodies, although these bodies were used to steer by almost from the beginning. 

102. From art to science.—Navigation is the process of directing the move- 
ments of a craft from one point to another. To do this safely is an art. In perhaps 
6,000 years—some writers make it 8,000—man has transformed this art almost into 
a science, and navigation today is so nearly a science that the inclination is to forget 
that it was ever anything else. It is commonly thought that to navigate a ship one 
must have a chart to determine the course and distance, a compass to steer by, and 
a means of determining the positions of the ship during the passage. Must have? 
The word “must” betrays how dependent the modern navigator has become upon 
the tools now in his hands. Many of the great voyages of history—voyages that 
made known much of the world—were made without one or more of these “essen- 
tials.” 

103. Epic voyages.—History records a number of great voyages of varying 
navigational significance. Little or nothing is known of the navigational accomplish- 
ments of the ancient mariners, but the record of the knowledge and equipment used 
during later voyages serves to illustrate periodic developments in the field. 

104. Pre-Christian navigation.—Down through the stream of time a number of 
voyages have occurred without navigational significance. Noah’s experience in the 
ark is of little interest navigationally, except for his use of a dove to locate land. 
There is evidence to support the view that at least some American Indians reached 
these shores by sea, the earliest of several groups probably having come about 2200 
BC, the approximate time that a general exodus seems to have occurred from a 
center in southwestern Asia. This is about the time the Tower of Babel is believed 
to have been built. It is noteworthy that almost every land reached by the great 
European explorers was already inhabited. 

It is not difficult to understand how a people not accustomed to the sea might 
make a single great voyage without contributing anything of significance to the 
advancement of navigation. Not so clear, however, is the fact that the Norsemen 
and the Polynesians, great seafaring people, left nothing more than conflicting 
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traditions of their methods. The reputed length of the voyages made by these people 
suggests more advanced navigational methods than their records indicate, although 
the explanation may be that they left few written accounts of any kind. Or perhaps 
they developed their powers of perception to such an extent that navigation to 
them, was a highly advanced art. In this respect their navigation may not have 
differed greatly from that of some birds, insects, fishes, and animals. 

One of the earliest well-recorded voyages is known today through the book of 
observations written by Pytheas of Massalia, a Greek astronomer and navigator. 
Sometime between the years 350 BC and 300 BC he sailed from a Mediterranean 
port and followed an established trade route to England. From there he ventured 
north to Scotland and Thule, the legendary land of the midnight sun. He went on to 
explore Norwegian fiords, and rivers in northwest Germany. He may have made his 
way into the Baltic. 

Pytheas’ voyage, and others of his time, were significant in that they were the 
work of men who had no compasses, no sextants, no chronometers, no electronic 
devices such as are commonplace today. The explanation of how they did it is not 
what some historians have said, that before seafaring men had adequate equipment, 
the compass especially, they hugged the shore and sailed only by daylight in fair 
weather. Many undoubtedly did use this practice. But the more intrepid did not 
creep along the coast, venturing nothing more daring than sailing from headland to 
headland. They were often out of sight of land, and yet knew sufficiently well 
where they were and how to get home again. They were able to use the sun, the 
stars, and the winds without the aid of mechanical devices. 

Pytheas had none of the equipment considered essential by the modern naviga- 
tor—none, at least, as it is thought of today. It would be incorrect, however, to say 
that he had no navigational aids whatever. He was not the first to venture upon the 
sea, and even in his time man was the inheritor of his predecessors’ knowledge. 

He must have known what the mariners of his time, Phoenician and Greek, 
knew about navigation. There was a fair store of knowledge about the movements 
of the stars, for example, which all seafaring men shared. They had a practical 
grasp of some part of what is now called celestial navigation, for the moving 
celestial bodies were their compasses. Pytheas may not have been acquainted with 
the Periplus of Scylax, the earliest known sailing directions, but it is reasonable to 
suppose that he had similar information. 

If there were sailing directions, there may well have been charts of a sort, even 
though no record of them exists. 

Even if Pytheas and his contemporaries had sailing directions and charts, these 
must have been far from comprehensive, and they undoubtedly did not cover the 
areas north of Britain. But these early seamen knew direction by day or night if the 
sky was clear, and they could judge it reasonably well when the sky was overcast, 
using the wind and the sea. They knew the hot Libyan wind from the desert—today 
called the sirocco—and the northern wind, the mistral. 

They could estimate distance. Their ships must have carried some means of 
measuring time—the sand glass was known to the ancients—and they could esti- 
mate speed by counting the strokes of the oars, a common practice from galley to 
modern college racing shell. Mariners who spent their lives traveling the Mediterra- 
nean knew what their ships could do, even if today it is not known what they 
meant by “a day’s sail’’—whether 35 miles, or 50, or 100. 

105. Sixteenth century navigation.—Progress in the art of navigation came 
slowly during the early centuries of the Christian era, all but stopped during the 
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Dark Ages, and then spurted forward when Europe entered a golden age of discov- 
ery. The circumnavigation of the globe by the expedition organized by Ferdinand 
Magellan, a disgraced Portuguese nobleman who sailed under the flag of Spain, was 
a voyage which illustrates the advances made during the 1,800 years following 
Pytheas. 

Magellan was able to find justification for his belief that a navigable pass to 
the Pacific Ocean existed in high southern latitudes, in Martin Behaim’s globe or 
chart of the world, in the globe constructed by Johann Schoner of Nuremberg in 
1515, and in Leonardo da Vinci’s map of the world drawn in the same year. He 
obtained further information for his voyage from Ruy Faleiro, an astronomer and 
cartographer whose charts, sailing directions, nautical tables, and instructions for 
use of the astrolabe and cross-staff were considered to be among the best available. 
Faleiro was also an advocate of the fallacious methods of determining longitude by 
variation. 

When Magellan sailed in 1519, his equipment included sea charts, parchment 
skins to be made into charts en route, a terrestrial globe, wooden and metal 
theodolites, wooden and wood-and-bronze quadrants, compasses, magnetic needles, 
hour glasses and “timepieces,” and a log to be towed astern. 

So the 16th century navigator had crude charts of the known world, a compass 
to steer by, instruments with which he could determine his latitude, a log to 
estimate speed, certain sailing directions, and solar and traverse tables. The huge 
obstacle yet to be overcome was an accurate method of determining longitude. 

106. Eighteenth century navigation.—Little is known today of the “timepieces” 
carried by Magellan, but surely they were not used to determine longitude. Two 
hundred years later, however, the chronometer began to emerge. With it, the 
navigator, for the first time, was able to determine his longitude accurately and fix 
his position at sea. 

The three voyages of discovery made by James Cook of the Royal Navy in the 
Pacific Ocean between 1768 and 1779 may be said to mark the dawn of modern 
navigation. Cook’s expedition had the full backing of England’s scientific organiza- 
tions, and he was the first captain to undertake extended explorations at sea with 
navigational equipment, techniques, and knowledge that might be considered 
modern. 

On his first voyage Cook was provided with an astronomical clock, a “journey- 
man” clock, and a watch lent by the Astronomer Royal. With these he could 
determine longitude, using the long and tedious lunar distance method. On his 
second voyage four chronometers were provided. These instruments, added to those 
already possessed by the mariner, enabled Cook to navigate his vessels with a 
precision undreamed of by Pytheas and Magellan. 

By the time Cook began his explorations, astronomers had made great contribu- 
tions to navigational advancement, and the acceptance of the heliocentric theory of 
the universe had led to the publication of the first official nautical almanac. Charts 
had progressed stéadily, and adequate projections were available. With increased 
understanding of variation, the compass had become reliable. Good schools of navi- 
gation existed, and textbooks which reduced the mathematics of navigation to the 
essentials had been published. Speed through the water could be determined with 
reasonable accuracy by the logs then in use. Most important, the first chronometers 
were being produced. 

107. Twentieth century navigation.—The maiden voyage of the SS United 
States in July 1952 served to illustrate the progress made in navigation during the 
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175 years since Cook’s voyages. Outstanding because of its record trans-Atlantic 
passage, the vessel is of interest navigationally in that it carried the most modern 
equipment then available and exemplified the fact that navigation had become 
nearly a science. 

Each of the deck officers owned a sextant with which he could make observa- 
tions more accurately than did Cook. Reliable chronometers, the product of hun- 
dreds of years of experimental work, were available to determine the time of each 
observation. The gyrocompass indicated true north regardless of variation and 
deviation. 

Modern, convenient almanacs were used to obtain the coordinates of various 
celestial bodies, to an accuracy greater than needed. Easily used altitude and 
azimuth tables gave the navigator data for determining his Sumner (celestial) line 
of position by the method of Marcq St.-Hilaire. Accurate charts were available for 
the waters plied, sailing directions for coasts and ports visited, light lists giving the 
characteristics of the various aids to navigation along these coasts, and pilot charts 
and navigational texts for reference purposes. 

Electronics served the navigator in a number of ways. Radio time signals and 
weather reports enabled him to check his chronometers and avoid foul weather. A 
radio direction finder was available to obtain bearings, and a radio telephone was 
used to communicate with persons on land and sea. The electrically operated echo 
sounder indicated the depth of water under the keel, radar the distances and 
bearings of objects within range, even in the densest fog. Using Loran, the naviga- 
tor could fix the position of his ship a thousand miles and more from transmitting 
stations. 


Piloting and Dead Reckoning 


108. Background.—The history of piloting and dead reckoning extends from 
man’s earliest use of landmarks to the latest model of the gyrocompass. In the 
thousands of years between, navigation by these methods has progressed from short 
passages along known coastlines to transoceanic voyages during which celestial 
observations cannot be, or are not, made. 

109. Charts.—A form of sailing directions was written several hundred years 
before Christ. Although charts cannot be traced back that far, they may have 
existed during the same time. From earliest times men have undoubtedly known 
that it is more difficult to explain how to get to a place than it is to draw a 
diagram, and since the first charts known are comparatively accurate and cover 
large areas, it seems logical that earlier charts served as guides for the cartogra- 
phers. 

Undoubtedly, the first charts were not made on any “projection” (ch. IID) but 
were simple diagrams which took no notice of the shape of the earth. In fact, these 
“plane” charts were used for many centuries after chart projections were available. 

The gnomonic projection (art. 317) is believed to have been developed by 
Thales of Miletus (640-546 BC), who was chief of the Seven Wise Men of ancient 
Greece; founder of Greek geometry, astronomy, and philosophy; and a navigator 
and cartographer. 

The size of the earth was measured at least as early as the third century BC, by 
Eratosthenes. He observed that at noon on the day of the summer solstice, a certain 
well at Syene (Assuan) on the Tropic of Cancer was lighted throughout its depth by 
the light of the sun as it crossed the meridian; but that at Alexandria, about 500 
miles to the north, shadows were cast by the sun at high noon. He reasoned that 
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this was due to curvature of the earth, which must be spherical. By double meas- 
urement of the arc of the meridian between the two places in degrees and stadia, 
eles cre determined the circumference of the earth to be 252,000 stadia (art. 
118). 

Eratosthenes is believed to have been the first person to measure latitude, 
using the degree for this purpose. He constructed a 16-point wind rose, prepared a 
table of winds, and recognized local and prevailing winds. From his own discoveries 
and from information gleaned from the manuscripts of mariners, explorers, land 
travelers, historians, and philosophers, he wrote an outstanding description of the 
known world, which helped elevate geography to the status of a science. 

Stereographic (art. 318) and orthographic (art. 319) projections were originated 
by Hipparchus in the second century BC. 

Ptolemy’s World Map. The Egyptian Claudius Ptolemy was a second century 
AD astronomer, writer, geographer, and mathematician who had no equal in as- 
tronomy until the arrival of Copernicus in the 16th century. An outstanding cartog- 
rapher, for his time, Ptolemy constructed many charts and listed the latitudes and 
longitudes, as determined by celestial observations, of the places shown. As a 
geographer, however, he made his most serious mistake. Though Eratosthenes’ 
calculations on the circumference of the earth were available to him, he took the 
estimate of the Stoic philosopher, Posidonius (circa 130-51 BC), who calculated the 
earth to be 180,000 stadia in circumference. The result was that those who accepted 
his work—and for many hundreds of years few thought to question it—had to deal 
with a concept that was far too small. In 1409 the Greek original of Ptolemy’s 
Cosmographia, a book in which he declared this doctrine, was discovered and 
translated into Latin. It served as the basis for future cartographic work, and so it 
was that Columbus died convinced that he had found a shorter route to the East 
Indies. Not until 1669, when Jean Picard computed the circumference of the earth 
to be 24,500 miles, was a more accurate figure generally used. 

Ptolemy’s map of the world (fig. 109a) was a great achievement, however. It was 
the original conic projection, and on it he located some 8,000 places by latitude and 
longitude. It was he who fixed the convention that the top of the map is north. 

Asian Charts. Through the Dark Ages some progress was made. Moslem cartog- 
raphers as well as astronomers took inspiration from Ptolemy. However, they knew 
that Ptolemy had overestimated the length of the Mediterranean by some 20°. 
Charts of the Indian Ocean, bearing horizontal lines indicating parallels of latitude, 
and vertical lines dividing the seas according to the direction of the wind, were 
drawn by Persian and Arabian navigators. The prime meridian separated a wind- 
ward from a leeward region and other meridians were drawn at intervals indicating 
“three hours sail.”” This information, though far from exact, was helpful to the 
sailing ship masters. 

Portolan Charts. The mariners of Venezia (Venice), Livorno (Leghorn), and 
Genova (Genoa) must have had charts when they competed for Mediterranean trade 
before, during, and after the Crusades. Venice at one time had 300 ships, a navy of 
45 galleys, and 11,000 men engaged in her maritime industry. But perhaps the 
rivalry was too keen for masters carelessly to leave charts lying about. At any rate, 
the earliest useful charts of the Middle Ages that are known today were drawn by 
seamen of Catalonia (now part of Spain). 

The Portolan charts were constructed from the knowledge acquired by seamen 
during their voyages about the Mediterranean. The actual courses and dead reckon- 
ing distances between land points were used as a skeleton for the charts, and the 
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Courtesy of the Map Division of the Library of Congress. 


Figure 109a.—The world, as envisioned by Ptolemy about AD 150. This chart was prepared in 1482 by 
Nicolaus Germanus for a translation of Cosmographia. 


coasts between were usually filled in from data obtained in land surveys. After the 
compass came into use, these charts became quite accurate. Some, for example, 
indicated the distance between Gibraltar and Bayrut (Beirut) to be 3,000 Portolan 
miles, or 40°5 of longitude. The actual difference of longitude is 40°8. 

These charts were distinguished by a group of long rhumb lines intersecting at 
a common point, surrounded by eight or 16 similar groups of shorter lines. Later 
Portolanis had a rose dei venti (rose of the winds), the forerunner of the compass 
rose, superimposed over the center (fig. 109b). They carried a scale of miles, located 
nearly all the known hazards to navigation, and had numerous notes of interest to 
the pilot. They were not marked with parallels of latitude or meridians of longi- 
tude, but present-day harbor and coastal charts trace their ancestry directly to 
them. 

Padron Real. The growing habit of assembling information for charts took 
concrete form in the Padrén Real. This was the pattern, or master, map kept after 
1508 by the Casa de Contratacion at Seville. It was intended to contain everything 
known about the world, and it was constructed from facts brought back by mariners 
from voyages to newly discovered lands. From it were drawn the charts upon which 
the explorers of the Age of Discovery most depended. 

World maps of the Middle Ages. In 1515 Leonardo da Vinci drew his famous 
map of the world. On it, America is represented as extending more to the east.and 
west than to the north and south, with only a chain of islands, the largest named 
Florida, between it and South America. A wide stretch of ocean is shown between 
South America and Terra Australis Nondum Cognita, the mythical south-seas conti- 
nent whose existence in the position shown was not disproved until 250 years later. 
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Courtesy of the Map Division of the Library of Congress. 
Figure 109b.—A 14th-century Portolan chart. 


Ortelius’ atlas Theatrum Orbis Terra was published at Antwerp in 1570. One of 
the most magnificent ever produced, it illustrates Europe, Africa, and Asia with 
comparative accuracy. North and South America are poorly depicted, but Magel- 
lan’s Strait is shown. All land to the south of it, as well as Australia, is considered 
part of Terra Australis Nondum Cognita (fig. 109c). 
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Courtesy of the New York Public Library. 
Ficure 109c.—Ortelius’ world map, from his atlas Theatrum Orbis Terra, published at Antwerp in 1570. 
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The Mercator projection (art. 305). For hundreds, perhaps thousands, of years 
cartographers drew their charts as “plane” projections, making no use of the 
discoveries of Ptolemy and Hipparchus. As the area of the known world increased, 
however, the attempt to depict that larger area on the flat surface of the plane 
chart brought map makers to the realization that allowance would have to be made 
for the curvature of the earth. 

Gerardus Mercator (Latinized form of Gerhard Kremer) was a brilliant Flemish 
geographer who recognized the need for a better method of chart projection. In 1569 
he published a world chart which he had constructed on the principle since known 
by his name. The theory of his work was correct, but Mercator made errors in his 
computation, and because he never published a complete description of the mathe- 
matics involved, mariners were deprived of the full advantages of the projection for 
another 30 years. 

Then Edward Wright published the results of his own independent study in the 
matter, explaining the Mercator projection fully and providing the table of meridio- 
nal parts which enabled all cartographers to make use of the principle. 

Wright was a mathematician at Caius College who developed the method and 
table and gave them to certain navigators for testing. After these proved their 
usefulness, Wright decided upon publication, and in 1599 Certaine Errors in Naviga- 
tion Detected and Corrected was printed. 

The Lambert projections. Johann Heinrich Lambert, 1728-1777, self-educated 
son of an Alsace tailor, designed a number of map projections. Some of these are 
still widely used, the most renowned being the Lambert conformal (art. 314). 

110. Sailing directions.—From earliest times there has been a demand for 
knowledge of what lay ahead, and this gave rise to the early development of sailing 
directions (art. 1301). 

The Periplus of Scylax, written sometime between the sixth and fourth centu- 
ries BC, is the earliest known book of this type. Surprisingly similar to modern 
sailing directions, it provided the mariner with information on distances between 
ports, aids and dangers, port facilities, and other pertinent matters. The following 
excerpt is typical: 

“Libya begins beyond the Canopic mouth of the Nile. . . . The first people in 
Libya are the Adrymachidae. From Thonis the voyage to Pharos, a desert island 
(good harbourage but no drinking water), is 150 stadia. In Pharos are many harbors. 
But ships water at the Marian Mere, for it is drinkable. . . . The mouth of the bay 
of Plinthine to Leuce Acte (the white beach) is a day and night’s sail; but sailing 
round by the head of the bay of Plinthine is twice as long. . . .” 

Ports Around the World, Pytheas’ book of observations made during his epic 
voyage in the fourth century BC, was another early volume of sailing directions. 
His rough estimates of distances and descriptions of coastlines would be considered 
crude today, but they served as an invaluable aid to navigators who followed him 
into these otherwise unknown waters. 

Sailing directions during the Renaissance. No particularly noteworthy improve- 
ments were made in sailing directions during the Middle Ages, but in 1490 the 
Portolano Rizo was published, the first of a series of improved design. Other early 
volumes of this kind appeared in France and were called “routiers’”—the rutters of 
the English sailor. In 1557 the Italian pilot Battista Testa Rossa published Brieve 
Compendio del Arte del Navigar, which was designed to serve the mariner on 
soundings and off. It forecast the single, all-inclusive volume that was soon to come, 
the Waggoner. 
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About 1584 the Dutch pilot Lucas Janszoon Waghenaer published a volume of 
navigational principles, tables, charts, and sailing directions which served as a 
guide for such books for the next 200 years. In Spieghel der Zeevaerdt (The Mari- 
ner’s Mirror), Waghenaer gave directions and charts for sailing the waters of the 
Low Countries and later a second volume was published covering waters of the 
North and Baltic seas. 

These ‘““Waggoners” met with great success and in 1588 an English translation 
of the original book was made by Anthony Ashley. During the next 30 years, 24 
editions of the book were published in Dutch, German, Latin, and English. Other 
authors followed the profitable example set by Waghenaer, and American, British, 
and French navigators soon had “Waggoners” for most of the waters they sailed. 

The success of these books and the resulting competition among authors were 
responsible for their eventual discontinuance. Each writer attempted to make his 
work more inclusive than any other (the 1780 Atlantic Neptune contained 257 
charts of North America alone) and the result was a tremendous book difficult to 
handle. They were too bulky, the sailing directions were unnecessarily detailed, and 
the charts too large. In 1795 the British Hydrographic Department was established, 
and charts and sailing directions were issued separately. The latter, issued for 
specific waters, were returned to the form of the original Periplus. 

Modern sailing directions. The publication of modern sailing directions by the 
Defense Mapping Agency Hydrographic/Topographic Center is one of the achieve- 
ments properly attributed to Matthew Fontaine Maury. During the two decades he 
headed the Depot of Charts and Instruments (renamed U.S. Naval Observatory and 
Hydrographical Office in 1854), Maury gathered data that led to the publication of 
eight volumes of sailing directions. 

111. The compass.—Early in the history of navigation man noted that the pole 
star (it may have been a Draconis then) remained close to one point in the northern 
sky. This served as his compass. When it was not visible, he used other stars, the 
sun and moon, winds, clouds, and waves. The development of the magnetic compass, 
perhaps a thousand years ago, and the 20th century development of the gyrocom- 
pass, offer today’s navigator a method of steering his course with an accuracy as 
great as he is capable of using. 

The magnetic compass (art. 623) is one of the oldest of the navigator’s instru- 
ments. Its origin is not known. In 203 BC, when Hannibal set sail from Italy, his 
pilot was said to be one Pelorus. Perhaps the compass was in use then; no one can 
say for certain that it was not. There is little to substantiate the story that the 
Chinese invented it, and the legend that Marco Polo introduced it into Italy in the 
13th century is almost certainly false. It is sometimes stated that the Arabs brought 
it to Europe, but this, too, is unlikely. Probably it was known first in the west. The 
Norsemen of the 11th century were familiar with it, and about 1200 a compass used 
by mariners when the pole star was hidden was described by a French poet, Guyot 
de Provins. 

A needle thrust through a straw and floated in water in a container comprised 
the earliest compass known. A 1248 writer, Hugo de Bercy, spoke of a new compass 
construction, the needle “now” being supported on two floats. Petrus Peregrinus de 
Maricourt, in his Epistola de Magnete of 1269, wrote of a pivoted floating compass 
with a lubber’s line, and said that it was equipped with sights for taking bearings. 

The reliability of the magnetic compass of today is a comparatively recent 
achievement. It was not until the 1870’s that Sir William Thomson (Lord Kelvin) 
was able to successfully combine all of the requirements for a good dry-card com- 
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pass, and mount it in a well-designed binnacle. The dry-card compass was the 
standard compass in the Royal Navy until 1906 when the Board of Admiralty 
adopted the liquid compass as the standard compass. 

The compass card, according to.tradition, originated about the beginning of the 
14th century, when Flavio Gioja of Amalfi attached a sliver of lodestone or a 
magnetized needle to a card. But the rose on the compass card is probably older 
than the needle. It is the wind rose of the ancients. Primitive man naturally named 
directions by the winds. The prophet Jeremiah speaks of the winds from the four 
quarters of heaveri (Jer. 49:36) and Homer named four winds—Boreas, Eurus, 
Notus, and Lephyrus. Aristotle is said to have suggested a circle of 12 winds, and 
Eratosthenes, who measured the world correctly, reduced the number to eight about 
200 BC. The “Tower of Winds” at Athens, built about 100 BC, had eight sides. The 
Latin rose of 12 points was common on most compasses used in the Middle Ages. 

Variation (art. 706) was well understood 200 years ago, and navigators made 
allowance for it, but earliest recognition of its existence is not known. Columbus 
and even the 11th century Chinese have been given credit for its discovery, but 
little proof can be offered for either claim. 

The secular change in variation was determined by a series of magnetic obser- 
vations made at Limehouse, England. In 1580 William Borough fixed the variation 
in that area at approximately 11°25’ east. Thirty-two years later Edmund Gunter, 
professor of astronomy at Gresham College, determined it to be 6°13’ east. At first it 
was believed that Borough had made an error in his work, but in 1633 a further 
decrease was found, and the earth’s changing magnetic field was established. 

A South Atlantic expedition was led by Edmond Halley at the close of the 17th 
century to gather data and to map, for the first time, lines of variation. In 1724 
George Graham published his observations in proof of the diurnal change in varia- 
tion. Canton determined that the change was considerably less in winter than in 
summer, and about 1785 the strength of the magnetic force was shown by Paul de 
Lamanon to vary in different places. 

The existence of deviation (art. 709) was known to John Smith in 1627 when he 
wrote of the “bittacle” as being a “square box nailed together with wooden pinnes, 
because iron nails would attract the Compasse.” But no one knew how to correct a 
compass for deviation until Captain Matthew Flinders, while on a voyage to Austra- 
lia in HMS Investigator in 1801-02, discovered a method of doing so. Flinders did 
not understand deviation completely, but the vertical bar he erected to correct for it 
was part of the solution, and the Flinders bar (art. 720) used today is a memorial to 
its discoverer. Between 1839 and 1855 Sir George Airy, then Astronomer Royal, 
studied the matter further and developed combinations of permanent magnets and 
soft iron masses for adjusting the compass. The introduction, by Lord Kelvin, of 
short needles as compass magnets made adjustment more precise. 

The gyrocompass (art. 631). The age of iron ships demanded a compass which 
could be relied upon to indicate true north at all times, free from disturbing forces 
of variation and deviation. 

In 1851, at the Pantheon in Paris, Leon Foucault performed his famous pendu- 
lum experiment to demonstrate the rotation of the earth. Foucault’s realization 
that the swinging pendulum would maintain the plane of its motion led him, the 
following year, to develop and name the first gyroscope, using the principle of a 
common toy called a “rotascope.” Handicapped by the lack of a source of power to 
maintain the spin of his gyroscope, Foucault used a microscope to observe the 
indication of the earth’s rotation during the short period in which his manually 
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operated gyroscope remained in rotation. A gyrocompass was not practical until 
electric power became available, more than 50 years later, to maintain the spin of 
the gyroscope. 

Elmer A. Sperry, an American, and Anschutz-Kampfe, a German, independent- 
ly invented gyrocompasses during the first decade of the 20th century. Tested first 
in 1911 on a freighter operating off the East Coast of the United States and then on 
American warships, Sperry’s compass was found adequate, and in the years follow- 
ing World War I gyrocompasses became standard equipment on all large naval and 
merchant ships. 

Gyrocompass auxiliaries commonly used today were added later. These include 
gyro repeaters, to indicate the vessel’s heading at various locations; gyro pilots, to 
steer vessels automatically; course recorders, to provide a graphic record of courses 
steered; gyro-magnetic compasses, to repeat headings of magnetic compasses so 
located as to be least affected by deviation; and others in the fields of fire control, 
aviation, and guided missiles. 

112. The log.—Since virtually the beginning of navigation, the mariner has 
attempted to determine his speed in traveling from one point to another. The 
earliest method was probably by estimate. 

The oldest speed measuring device known is the Dutchman’s log. Originally, 
any object which would float was thrown overboard on the lee side, from a point 
well forward, and the time required for it to pass between two points on the deck 
was noted. The time, as determined by sand glass, was compared with the known 
distance along the deck between the two points to determine the speed. 

Near the end of the 16th century a line was attached to the log, and as the line 
was paid out a sailor recited certain sentences. The length of line which was paid 
out during the recitation was used to determine the speed. There is record of this 
method having been used as recently as the early 17th century. In its final form 
this chip log, ship log, or common log consisted of the log chip (or log ship), log 
line, log reel, and log glass. The chip was a quadrant-shaped piece of wood weighted 
along its circumference to keep it upright in the water (fig. 112). The log line was 
made fast to the log chip by means of a bridle, in such manner that a sharp pull on 
the log line dislodged a wooden peg and permitted the log chip to be towed 
horizontally through the water, and hauled aboard. Sometimes a stray line was 
attached to the log to veer it clear of the ship’s wake. In determining speed, the 
observer counted the knots in the log line which was paid out during a certain time. 
The length of line between knots and the number of seconds required for the sand 
to run out were changed from time to time as the accepted length of the mile was 


altered. 
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FiGureE 112.—The common or chip log, showing the log reel, the 
log line, the log chip, and the log glass. 
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The chip log has been superseded by patent logs that register on dials. Howev- 
er, the common log has left its mark on modern navigation, as the use of the term 
knot to indicate a speed of 1 nautical mile per hour dates from this device. There is 
evidence to support the opinion that the expression “dead reckoning” had its origin 
in this same device, or perhaps in the earlier Dutchman’s log. There is logic in 
attributing “dead” reckoning to a reckoning relative to an object “dead” in the 
water. 

Mechanical logs first appeared about the middle of the 17th century. By the 
beginning of the 19th century, the forerunners of modern mechanical logs were 
used by some navigators, although many years were to pass before they became 
generally accepted. 

In 1778 logs on which the distance run was recorded on dials secured to the 
taffrail were tested on board a British warship and found reasonably adequate, 
although the comparative delicateness of the mechanism led to speculation about 
their long-term worth. Another type in existence at the time consisted of a wheel 
arrangement made fast on the underside of the keel, which transmitted readings to 
a dial inside the vessel as the wheel rotated. 

An improved log was introduced by Edward Massey in 1802. This log gave 
considerably greater accuracy by means of a more sensitive rotator attached by a 
short length of line to a geared recording instrument. The difficulty with this log 
was that it has to be hauled aboard to take each reading. Various improvements 
were made, notably by Alexander Bain in 1846 and Thomas Walker in 1861, but it 
was not until 1878 that a log was developed in which the rotator could be used in 
conjunction with a dial secured to the after rail of the ship, and although refine- 
ments and improvements have been made, the patent log used today is essentially 
the same as that developed in 1878. 

Engine revolution counters (art. 616) had their origin with the observations of 
the captains of the first paddle steamers, who discovered that by counting the 
paddle revolutions, they could, with practice, estimate their runs in thick weather 
as accurately as they could by streaming the log. Later developments led to the 
modern revolution counter on screw-type vessels, which can be used with reasona- 
ble accuracy if the propeller is submerged and an accurate estimate of slip is made. 

Pitot-static and impeller logs (arts. 614, 615) are mechanical developments in 
the field of speed measurement. Each utilizes a retractable “rodmeter” which 
projects through the hull of the ship into the water. In the Pitot-static log, static 
and dynamic pressures on the rodmeter transmit readings to the master speed 
indicator. In the impeller log an electrical means of transmitting speed indications 
is used. 

113. Units of distance and depth.—The modern navigator is concerned princi- 
pally with four units of linear measure: the nautical mile, the fathom, the foot and 
the meter. Primitive man, however, used such natural units as the width of a 
finger, the span of his hand, the length of his foot, the distance from his elbow to 
the tip of the middle finger (the cubit of biblical renown), or the pace (sometimes 
one but usually a double step) to measure short distances. 

Although the Roman mile had a value of about 1,488 meters or about 0.9248 of 
our statute mile of 5,280 feet, several standards were in use among the cities of 
ancient Greece at the same time. The Greek stadia being variable, there is uncer- 
tainty as to the accuracy of the measurement of the earth by Eratosthenes. 

The nautical mile bears little relation to these land measures, which were not 
associated with the size of the earth. With the emergence of the nautical chart, it 
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became customary to show a scale of miles on the chart, and the accepted value of 
this unit varied over the centuries with the changing estimates of the size of the 
earth. These estimates varied widely, ranging from about 44.5 to 87.5 modern 
nautical miles per degree of latitude, although generally they were too small. 
Columbus and Magellan used the value 45.3. Actually, the earth is about 32 percent 
larger. The Almagest of Ptolemy considered 62 Roman miles equivalent to 1 degree, 
but a 1466 edition of this book contained a chart of southern Asia drawn by 
Nicolaus Germanus on which 60 miles were shown to a degree. Whether the change 
was considered a correction or an adaptation to provide a more convenient relation- 
ship between the mile and the degree is not clear, but this is the earliest known use 
of this ratio. 

Later, when the size of the earth was determined by measurement, the rela- 
tionship of 60 Roman miles of 4,858.60 U. S. feet to a degree of latitude was seen to 
be in error. Both possible solutions to the problem—changing the ratio of miles to a 
degree, or changing the length of the mile—had their supporters, and neither group 
was able to convince the other. As a result, the shorter mile remained as the land 
or statute mile (now established as 5,280 feet in the United States), and the longer 
nautical mile gradually became established at sea. The earliest known reference to 
it by this name occurred in 1730. 

Finer instruments and new methods make increasingly more accurate determi- 
nations of the size of the earth an ever-present possibility. Hence, a unit of length 
defined in terms of the size of the earth is undesirable. Recognition of this led, in 
1875, to a change in the definition of the meter from one ten-millionth of the 
distance from the pole to the equator of the earth to the distance between two 
marks (approximately 39.37 U. S. inches) on a standard platinum-iridium bar kept 
at the Pavillon de Breteuill at Sevres, near Paris, France, by the International 
Commission of Weights and Measures. In further recognition of this principle, the 
International Hydrographic Bureau in 1929 recommended adoption of a standard 
value for the nautical mile, and proposed 1,852 international meters. This Interna- 
tional Nautical Mile of 1,852 meters exactly has been adopted by nearly all mari- 
time nations. The U. S. Departments of Defense and Commerce adopted this value 
in July 1954. With the yard-meter relationship then in use, the International 
Nautical Mile was equivalent to 6,076.10333 feet, approximately. Using the yard- 
meter exact relationship of 1 yard equal to 0.9144 meter adopted by the United 
States on July 1, 1959, the International Nautical Mile is equivalent to 6,076.11549 
feet, approximately. In October 1960, the Eleventh General (International) Confer- 
ence on Weights and Measures redefined the meter as equal to 1,650,763.73 wave- 
lengths of the orange-red radiation in vacuum of krypton 86. 

The meter as a unit of depth and height on U. S. nautical charts is of recent 
origin. The current policy of the Defense Mapping Agency Hydrographic/Topo- 
graphic Center of converting new compilations of nautical and special purpose 
charts to the metric system was implemented on January 2, 1970. 

The fathom as a unit of length or depth is of obscure origin, but primitive man 
considered it a measure of the outstretched arms, and the modern seaman still 
estimates the length of a line in this manner. That the unit was used in early times 
is indicated by reference to it in the detailed account given of the Apostle Paul’s 
voyage to Rome, as recorded in the 27th chapter of the Acts of the Apostles. 
Posidonius reported a sounding of more than 1,000 fathoms in the second century 
BC. How old the unit was at that time is unknown. 
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114. Soundings.—Probably the most dangerous phase of navigation occurs 
when the vessel is “on soundings.” Since man first began navigating the waters, the 
possibility of grounding his vessel has been a major concern, and frequent sound- 
ings have been the most highly valued safeguard against that experience. Undoubt- 
edly used long before the Christian era, the lead line is perhaps the oldest instru- 
ment of navigation. 

The lead line. The hand lead (art. 618), consisting of a lead weight attached to a 
line usually marked in fathoms, has been known since antiquity and, with the 
exception of the markings, is probably the same today as it was 2,000 or more years 
ago. The deep sea lead, a heavier weight with a longer line, was a natural out- 
growth of the hand lead. A 1585 navigator speaks of soundings of 330 fathoms, and 
in 1773, in the Norwegian Sea, Captain Phipps had all the sounding lines on board 
spliced together to obtain a sounding of 683 fathoms. Matthew Fontaine Maury 
made his deep sea soundings by securing a cannon shot to a ball of strong twine. 
The heavy weight caused the twine to run out rapidly, and when bottom was 
reached, the twine was cut and the depth deduced from the amount remaining on 
the ball. 

The sounding machine. The biggest disadvantage of the deep sea lead is that 
the vessel must be stopped if depths are to be measured accurately. This led to the 
development of the sounding machine. 

Early in the 19th century a sounding machine similar to one of the earlier 
patent logs was invented. A wheel was secured just above the lead and the cast 
made in such a way that all the line required ran out freely and the lead sank 
directly to the bottom. The motion through the water during the descent set the 
wheel revolving, and this in turn caused the depth to be indicated on a dial. Ships 
sailing at perhaps 12 knots required 20 or 30 men to heave aboard the heavy line 
with its weight of 50 or more pounds after each cast. A somewhat similar device 
was the buoy sounder. The lead was passed through a buoy in which a spring catch 
was fitted and both were cast over the side. The lead ran freely until bottom was 
reached, when the catch locked, preventing further running out of the line. The 
whole assembly was then brought on board, the depth from the buoy to the lead 
being read. 

The first use of the pressure principle to determine the depth of water occurred 
early in the 19th century when the “Self-acting Sounder” was introduced. A hollow 
glass tube open at its lower end contained an index which moved up in the tube as 
greater water pressure compressed the air inside. The index retained its highest 
position when hauled aboard the vessel, and its height was proportional to the 
depth of the water. 

The British scientist, Sir William Thomson (Lord Kelvin) in 1878 perfected the 
sounding machine after repeated tests at sea. Prior to his invention, fibre line was 
used exclusively in soundings. His introduction of piano wire solved the problem of 
rapid descent of the lead and also that of hauling it back aboard quickly. The 
chemically coated glass tube which he used to determine depth was an improve- 
ment of earlier methods, and the worth of the entire machine is evidenced by the 
fact that it is still used in essentially the same form. 

Echo sounding. Based upon the principle that sound travels through sea water 
at a nearly uniform rate, automatic depth-registering devices (art. 619) have been 
invented to indicate the depth of water under a vessel, regardless of its speed. In 
1911 an account was published of an experiment performed by Alexander Behm of 
Kiel, who timed the echo of an underwater explosion, testing this theory. High 
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frequency sounds in water were produced by Pierre Langevin, and in 1918 he used 
the principle for echo depth finding. The first practical echo sounder was developed 
by the United States Navy in 1922. 

The actual time between emission of a sonic or ultrasonic signal and return of 
its echo from the bottom, the angle at which the signal is beamed downward in 
order that its echo will be received at another part of the vessel, and the phase 
difference between signal and echo have all been used in the development of the 
modern echo sounder. 

115. Aids to navigation.—The Cushites and Libyans constructed towers along 
the Mediterranean coast of Egypt, and priests maintained beacon fires in them. 
These were the earliest known lighthouses. At Sigeum in the Troad (part of Troy) a 
lighthouse was built before 660 BC. One of the seven wonders of the ancient world 
was the lighthouse called the Pharos of Alexandria, which may have been more 
than 200 feet tall. It was built by Sostratus of Cnidus (Asia Minor) in the third 
century BC, during the reign of Ptolemy Philadelphus. The word ‘“‘pharos” has since 
been a general term for lighthouses. Some time between 1584 and 1611 the light of 
Cordouan, the earliest waveswept lighthouse, was erected at the entrance to the 
Gironde river in western France. An oak log fire illuminated this structure until 
the 18th century. 

Wood or coal fires were used in the many lighthouses built along the European 
and British coasts in the 17th and 18th centuries. One of these, the oak pile 
structure erected by Henry Whiteside in 1776 to warn shipmasters of Small’s Rocks, 
subsequently played a major role in navigational history, as it was this light which 
figured in the discovery of the celestial line of position by Captain Thomas Sumner 
some 60 years later (art. 131). 

In England such structures were privately maintained by interested organiza- 
tions. One of the most famous of these groups, popularly known as “Trinity House,” 
was organized in the 16th century, perhaps earlier, when a “beaconage and 
buoyage” fee was levied on English vessels. This prompted the establishment of 
Trinity House “to make, erect, and set up beacons, marks, and signs for the sea” 
and to provide vessels with pilots. The organization is now in its fifth century of 
operation, and its chief duties are to serve as a general lighthouse and pilotage 
authority, and to supply pilots. 

The first lightship was a small vessel with lanterns hung from its yardarms. It 
was stationed at the Nore in the Thames estuary, in 1782. 

The pilot’s profession is not much younger than that of the mariner. The Bible 
relates (1 Kings 9:27) that Hiram of Tyre provided pilots for King Solomon. The 
duties of these pilots are not specified. In the first century AD, fishermen of the 
Gulf of Cambay, India, met seagoing vessels and guided them into port. It is 
probable that pilots were established in Delaware Bay earlier than 1756. 

Seafaring people of the United States had erected lighthouses and buoys before 
the Revolutionary War, and in 1789 Congress passed legislation providing for feder- 
al expansion of the work. About 1767 the first buoys were placed in the Delaware 
River. These were logs or barrels, but about 1820 they were replaced with spar 
buoys. In that same year, the first lightship was established in Chesapeake Bay. 

As the maritime interests of various countries grew, more and better aids to 
navigation were made available. In 1850 Congress prescribed the present system of 
coloring and numbering United States buoys (app. Y). Conformity as to shape 
resulted from the recommendations of the International Marine Conference of 1889. 
The second half of the 19th century saw the development of bell, whistle, and 
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lighted buoys, and in 1910 the first lighted buoy in the United States utilizing high 
pressure acetylene apparatus was placed in service. Stationed at the entrance to 
Ambrose Channel in New York, it provided the basis for the high degree of 
perfection which has been achieved, in the lighted buoy since that time. The com- 
plete buoyage system maintained by the U.S. Coast Guard today is chiefly a product 
of the 20th century. In 1900 there were approximately 5,000 buoys of all types in 
use in the United States, while today there are more than 20,000. 

116. The sailings.—The various methods of mathematically determining course, 
distance, and position arrived at have a history almost as old as mathematics itself. 
Thales, Hipparchus, Napier, Wright, and others contributed the formulas that led 
to the tables permitting computation of course and distance by plane, traverse, 
parallel, middle-latitude, Mercator, and great-circle sailings. 

Plane sailing (art. 901). Based upon the assumption that the surface of the 
earth is plane, or flat, this method was used by navigators for many centuries. The 
navigator solved problems by laying down his course relative to his meridian, and 
stepping off the distance run to the new position. This system is used with accuracy 
today in measuring short runs on a Mercator chart, which compensates for the 
convergence of the meridians, but on the plane chart, serious errors resulted. Early 
navigators might have obtained mathematical solutions to this problem, with no 
greater accuracy, but the graphical method was commonly used. 

Traverse sailing (art. 901). Because sailing vessels were subject to the winds, 
navigators of old were seldom able to sail one course for great distances, and 
consequently a series of small triangles had to be solved. Equipment was designed 
to help seamen in maintaining their dead reckoning positions. The modern rough 
log evolved from the log board, hinged wooden boards that folded like a book and 
on which courses and distances were marked in chalk. Each day the position was 
determined from this data and entered in the ship’s journal, today’s smooth log. 

The log board was succeeded by the travas, a board with lines radiating from 
the center in 32 compass directions. Regularly spaced along the lines were small 
holes into which pegs were fitted to indicate time run on the particular course. In 
1627 John Smith described the travas as a “little round board full of holes upon 
lines like the compasse, upon which by the removing of a little sticke they (seamen) 
keepe an account, how many glasses (which are but halfe houres) they steare upon 
every point of the compasse.”’ 

These devices were of great value to the navigator in keeping a record of the 
courses and distances sailed, but still left him the long mathematical solutions 
necessary to determine the new position. In 1436 what appears to have been the 
first traverse table was prepared by Andrea Biancho. Using this table of solutions 
of right-angled plane triangles, the navigator was able to determine his course and 
distance made good after sailing a number of distances in different directions. 

Parallel sailing (art. 901) was an outgrowth of the navigator’s inability to 
determine his longitude. Not a mathematical solution in the sense that the other 
sailings are, it involved converting the distance sailed along a parallel (departure), 
as determined by dead reckoning, into longitude. 

Middle-latitude sailing (art. 901). The inaccuracies involved in plane sailing led 
to the improved method of middle-latitude sailing early in the 17th century. A 
mathematician named Ralph Handson is believed to have been its inventor. 

Middle-latitude sailing is based upon the assumption that the use of a parallel 
midway between those of departure and arrival will eliminate the errors inherent 
in plane sailing due to the convergence of the meridians. The assumption is reason- 
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ably accurate and although the use of Mercator sailing usually results in greater 
accuracy, middle-latitude sailing still serves a useful purpose. 

Mercator sailing (art. 901). Included in Edward Wright’s Certaine Errors in 
Navigation Detected and Corrected, of 1599, was the first published table of meridio- 
nal parts which provided the basis for the most accurate of rhumb-line sailings— 
Mercator sailing. 

Great-circle sailing (art. 903). For many hundreds of years mathematicians 
have known that a great circle is the shortest distance between two points on the 
surface of a sphere, but it was not until the 19th century that navigators began to 
regularly make use of this information. 

The first printed description of great-circle sailing appeared in Pedro Nunes’ 
1537 Tratado da Sphera. The method had previously been proposed by Sebastian 
Cabot in 1498, and in 1524 Verrazano sailed a great-circle course to America. But 
the sailing ships could not regularly expect the steady winds necessary to sail such 
a course, and their lack of knowledge concerning longitude, plus the necessity of 
stopping at islands along their routes to take supplies, made it impractical for most 
voyages at that time. 

The gradual accumulation of knowledge concerning seasonal and prevailing 
winds, weather conditions, and ocean currents eventually made it possible for the 
navigator to plan his voyage with more assurance. Nineteenth century writers of 
navigational texts recommended the use of great-circle sailing, and toward the close 
of that century such sailing became increasingly popular, particularly in the Pacif- 
ie. 

117. Hydrographic offices.—The practice of recording hydrographic data was 
centuries old before the establishment of the first official hydrographic office, in 
1720. In that year the Depot des Cartes, Plans, Journaux et Memoirs Relatifs a la 
Navigation was formed in France with the Chevalier de Luynes in charge. The 
Hydrographic Department of the British Admiralty, though not established until 
1795, has played a major part in European hydrographic work. 

The National Ocean Service was originally founded when Congress, in 1807, 
passed a resolution authorizing a survey of the coast, harbors, outlying islands, and 
fishing banks of the United States. On the recommendation of the American Philo- 
sophical Society, President Jefferson appointed Ferdinand Hassler, a Swiss immi- 
grant who had founded the Geodetic Survey of his native land, the first Director of 
the “Survey of the Coast.” The survey was renamed “Coast Survey” in 1836. 

The approaches to New York were the first sections of the coast charted, and 
from there the work spread northward and southward along the eastern seaboard. 
In 1844 the work was expanded and arrangements made to chart simultaneously 
the gulf and east coasts. Investigation of tidal conditions began, and in 1855 the 
first tables of tide predictions were published. The California gold rush gave impe- 
tus to the survey of the west coast, which began in 1850, the year California became 
a State. The survey ship Washington undertook investigations of the Gulf Stream. 
Coast pilots, or sailing directions, for the Atlantic coast of the United States were 
privately published in the first half of the 19th century, but about 1850 the Survey 
began accumulating data that led to federally produced coast pilots. The 1889 
Pacific Coast Pilot was an outstanding contribution to the safety of west coast 
shipping. 

In 1878 the survey was renamed “Coast and Geodetic Survey”; in 1970 the 
survey became the “National Ocean Survey,” and in 1983 it became the “National 


Ocean Service.” 
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Today the National Ocean Service provides the mariner with the charts and 
coast pilots of all waters of the United States and its possessions, and tide and tidal 
current tables for much of the world, 

Defense Mapping Agency Hydrographic/Topographic Center. In 1830 the U.S. 
Navy established a “Depot of Charts and Instruments” in Washington, D.C. Primar- 
ily, it was to serve as a storehouse where such charts and sailing directions as were 
available, together with navigational instruments, could be assembled for issue to 
Navy ships which required them. Lieutenant L. M. Goldsborough and one assistant, 
Passed Midshipman R. B. Hitchcock, constituted the entire staff. 

The first chart published by the Depot was produced from data obtained in a 
survey made by Lieutenant Charles Wilkes, who had succeeded Goldsborough in 
1834, and who later earned fame as the leader of a United States exploring expedi- 
tion to Antarctica. 

From 1842 until 1861 Lieutenant Matthew Fontaine Maury served as Officer-in- 
Charge. Under his command the Depot rose to international prominence. Maury 
decided upon an ambitious plan to increase the mariner’s knowledge of existing 
winds, weather, and currents. He began by making a detailed record of pertinent 
matter included in old log books stored at the Depot. He then inaugurated a 
hydrographic reporting program among shipmasters, and the thousands of answers 
received, along with the log book data, were first utilized to publish the Wind and 
Current Chart of the North Atlantic of 1847. The United States instigated an 
international conference in 1853 to interest other nations in a system of exchanging 
nautical information. The plan, which was Maury’s, was enthusiastically adopted by 
other maritime nations, and is the basis upon which hydrographic offices operate 
today. 1 

In 1854 the Depot was redesignated the “U.S. Naval Observatory and Hydro- 
graphical Office,” and in 1866 Congress separated the two, broadly increasing the 
functions of the latter. The Office was authorized to carry out surveys, collect 
information, and print every kind of nautical chart and publication, all “for the 
benefit and use of navigators generally.” 

One of the first acts of the new Office was to purchase the copyright of The 
New American Practical Navigator. Several volumes of sailing directions had al- 
ready been published. The first Notice to Mariners appeared in 1869. Daily broad- 
cast of navigational warnings was inaugurated in 1907, and in 1912, following the 
sinking of the SS Titanic, Hydrographic Office action led to the establishment of 
the International Ice Patrol. The development by the U.S. Navy of an improved 
depth finder in 1922 made possible the acquisition of additional information con- 
cerning bottom topography. During the same year aerial photography was first 
employed as an aid in chart making. The Hydrographic Office published the first 
chart for lighter-than-air craft in 1923. 

In 1962 the U.S. Navy Hydrographic Office was redesignated the U.S. Naval 
Oceanographic Office. In 1972 certain hydrographic functions of the latter office 
were transferred to the Defense Mapping Agency Hydrographic Center. In 1978 the 
Defense Mapping Agency Hydrographic/Topographic Center assumed hydrographic 
and topographic chart production functions. 

The International Hydrographic Organization (IHO) was originally estab- 
lished in 1921 as the International Hydrographic Bureau (IHB). The present name 
was adopted in 1970 as a result of a revised international agreement among 
member nations. However, the former name, International Hydrographic Bureau, 
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was retained for the IHO’s administrative body of three Directors and a small Staff 
at the Organization’s headquarters in Monaco. 

The IHO (as did the former IHB) sets forth hydrographic standards as they are 
agreed upon by the member nations. All member States are urged and encouraged 
to follow these standards in their surveys, nautical charts, and publications. As 
these standards are uniformly adopted, the products of the world’s hydrographic 
and oceanographic offices become more uniform. Much has been done in the field of 
standardization since the Bureau was founded. 

The principal work undertaken by the IHO is: 

1. to bring about a close and permanent association between national hydro- 
graphic offices; 

2. to study matters relating to hydrography and allied sciences and techniques; 

3. to further the exchange of nautical charts and documents between hydro- 
graphic offices of Member Governments; 

4. to circulate the appropriate documents; 

5. to tender guidance and advice upon request, in particular to countries 
engaged in setting up or expanding their hydrographic service; 

6. to encourage coordination of hydrographic surveys with relevant oceano- 
graphic activities; 

7. to extend and facilitate the application of oceanographic knowledge for the 
benefit of navigators; 

8. to cooperate with international organizations and scientific institutions 
which have related objectives. 

During the 19th century, many maritime nations established hydrographic 
offices to provide means for improving the navigation of naval and merchant 
vessels by providing nautical publications, nautical charts, and other navigational 
services. Nonuniformity of hydrographic procedures, charts, and publications was 
much in evidence. In 1889, an International Marine Conference was held at Wash- 
ington, D.C., and it was proposed to establish a ‘permanent international commis- 
sion.” Similar proposals were made at the sessions of the International Congress of 
Navigation held at St. Petersburg in 1908 and again in 1912. 

In 1919 the hydrographers of Great Britain and France cooperated in taking 
the necessary steps to convene an international conference of hydrographers. 
London was selected as the most suitable place for this conference, and on July 24, 
1919, the First International Conference opened, attended by the hydrographers of 
24 nations. The object of the conference was clearly stated in the invitation to 
attend. It read, “To consider the advisability of all maritime nations adopting 
similar methods in the preparation, construction, and production of their charts 
and all hydrographic publications; of rendering the results in the most convenient 
form to enable them to be readily used; of instituting a prompt system of mutual 
exchange of hydrographic information between all countries; and of providing an 
opportunity to consultations and discussions to be carried out on hydrographic 
subjects generally by the hydrographic experts of the world.” In general, this is still 
the purpose of the International Hydrographic Organization. As a result of the 
conference, a permanent organization was formed and statutes for its operations 
were prepared. The International Hydrographic Bureau, now the International 
Hydrographic Organization, began its activities in 1921 with 18 nations as members. 
The Principality of Monaco was selected because of its easy communication with 
the rest of the world and also because of the generous offer of Prince Albert I of 
Monaco to provide suitable accommodations for the Bureau in the Principality. The 


20 HISTORY OF NAVIGATION 


IHO, including the three Directors and their staff, is housed in its own headquar- 
ters which were built and are maintained by the Government of Monaco. 

The works of the IHO are published in both French and English and are 
distributed through various media: Many of the publications are available to the 
general public, and a discount of 30 percent is offered to naval and merchant 
marine officers of any of the member nations. Inquiries as to the availability of the 
publications should be made directly to the “International Hydrographic ‘Bureau, 
Avenue President J. F. Kennedy, Monte-Carlo, Monaco.” 

118. Navigation manuals.—Although navigation is as old as man himself, navi- 
gation textbooks, as they are thought of today, are a product of the last several 
centuries. Until the end of the Dark Ages such books, or manuscripts, as were 
available were written by astronomers for other astronomers. The navigator was 
forced to make use of these, gleaning what little was directly applicable to his 
profession. After 1500, however, the need for books on navigation resulted in the 
publication of a series of manuals of increasing value to the mariner. 

Sixteenth century manuals. Frequently a command of Latin was required to 
study navigation during the 16th century. Regimento do estrolabio e do quadrante 
(fig. 130a), which was published at Lisbon in 1509, or earlier, explained the method 
of finding latitude by meridian observations of the sun and the pole star, contained 
a traverse table for finding the longitude by dead reckoning, and listed the longi- 
tudes of a number of places. Unfortunately, the author made several errors in 
transcribing the declination tables published by Abraham Zacuto in 1474, and this 
resulted in errors being made for many years in determining latitude. Nevertheless, 
the nameless writer of the Regimento performed a great service for all mariners. 
His “Handbook for the Astrolabe and Quadrant’’—to translate the title—had many 
editions and many emulators. 

In 1519 Fernandez de Encisco published his Suma de Geographia, the first 
Spanish manual. The book was largely a translation of the Regimento, but new 
information was included, and revisions were printed in 1530 and 1546. 

The Flemish mathematician and astronomer R. Gemma Frisius published a 
book on navigation in 1530. This manual, entitled De Principiis Astronomiae, gave 
an excellent description of the sphere, although the astronomy was that of Ptolemy, 
and discussed at length the use of the globe in navigation. Gemma gave courses in 
terms of the principal winds, proposed that longitude be reckoned from the Fortu- 
nate Islands (Canary Islands), and gave rules for finding the dead reckoning posi- 
tion by courses and distances sailed. 

Tratado da Sphera, Pedro Nunes’ great work, appeared in 1537. In addition to 
the first printed description of great-circle sailing, Nunes’ book included a section 
on determining the latitude by two altitudes of the sun (taken when the azimuths 
differed by not less than 40°) and solving the problem on a globe. The method was 
first proposed by Gemma. Tratado da Sphera contained the conclusion of a study of 
the “plane chart” which Nunes had made. He exposed its errors, but was unable to 
develop a satisfactory substitute. 

During the years that followed, an extensive navigational literature became 
available. The Spaniards Pedro de Medina and Martin Cortes published successful 
manuals in 1545 and 1551, respectively. Medina’s Arte de Navegar passed through 
13 editions in several languages and Breve de la Spera y de la Arte de Navegar, 
Cortes’ book, was eventually translated into English and became the favorite of the 
British navigator. Cortes discussed the principle which Mercator used 18 years later 
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in constructing his famous chart, and he also listed accurately the distance between 
meridians at all latitudes. 

The first western hemisphere navigation manual was published by Diego 
Garcia de Palacio at Mexico City in 1587. His Instrucion Nauthica included a 
partial glossary of nautical terms and certain data on ship construction. 

John Davis’ The Seaman’s Secrets of 1594 was the first of the “practical” books. 
Davis was a celebrated navigator who asserted that it was the purpose of his book 
to give “all that is necessary for sailors, not for scholars on shore.” Davis’ book 
discussed at length the navigator’s instruments, and went into detail on the “sail- 
ings.” He explained the method of dividing a great circle into a number of rhumb 
lines, and the work he had done with Edward Wright qualified him to report on the 
method and advantages of Mercator sailing. He endorsed the system of determining 
latitude by two observations of the sun and the intermediate bearing. 

Although best known for the presentation of the theory of Mercator sailing, 
Edward Wright’s Certaine Errors in Navigation Detected and Corrected (1599) was a 
sound navigation manual in its own right. Particularly, he advocated correcting 
sights for dip, refraction, and parallax (ch. XVI). 

Later manuals. The next 200 years saw a succession of navigation manuals 
made available to the navigator; so many that only a few can be mentioned. Among 
those which enjoyed the greatest success were Blundeville’s Exercises, John Na- 
pier’s Mirifici Logarithmorum Canonis Descriptio (which introduced the use of 
logarithms at sea), the tables and rules of Edmund Gunter, Arithmetical Navigation 
by Thomas Addison, and Richard Norwood’s The Sea-mans Practice (which gave the 
length of the nautical mile as 6,120 feet). Robert Dudley filled four volumes in 
writing the Arcano del Mare (1646-47) as did John Robertson with Elements of 
Navigation. Jonas and John Moore, William Jones, and Samuel Dunns were others 
who contributed navigation books before Nathaniel Bowditch in America and J. W. 
Norie in England wrote the manuals which navigators found best suited to their 
needs. 

Bowditch’s The New American Practical Navigator was first published in 1802 
(fig. 118), and Norie’s Epitome of Navigation appeared the following year. Both were 
outstanding books which enabled the mariner of little formal education to grasp the 
essentials of his profession. The Englishman’s book passed through 22 editions in 
that country before losing its popularity to Captain Lecky’s famous “Wrinkles” in 
Practical Navigation of 1881. The American Practical Navigator is still read widely, 
more than a century-and-a-half after its original printing. 

A number of worthy navigation manuals have appeared in recent years. 


Celestial Navigation 


119. Astronomy is sometimes called the oldest of sciences. The movements of 
the sun, moon, stars, and planets were used by the earliest men as guides in 
hunting, fishing, and farming. The first maps were probably of the heavens. 

Babylonian priests studied celestial mechanics at a very early date, possibly as 
early as 3800 BC, more probably about 1500 years later. These ancient astronomers 
predicted lunar and solar eclipses, constructed tables of the moon’s hour angle, and 
are believed to have invented the zodiac. The week and month as known today 
originated with their calendar. They grouped the stars by constellations. It is 
probable that they were arranged in essentially their present order as early as 2000 
BC. The five planets easily identified by the unaided eye were known to the 
Babylonians, who were apparently the first to divide the sun’s apparent motion 
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about the earth into 24 equal parts. They published this and other astronomical 
data in ephemerides. There is evidence that the prophet Abraham had an excellent 
knowledge of astronomy. 

The Chinese, too, made outstanding contributions to the science of the heavens. 
They may have fixed the solstices and equinoxes before 2000 BC. They had quad- 
rants and armillary spheres, used water clocks, and observed meridian transits. 
These ancient Chinese determined that the sun made its annual apparent revolu- 
tion about the earth in 365% days, and divided circles into that many parts, rather 
than 360. About 1100 BC the astronomer Chou Kung determined the sun’s maxi- 
mum declination within about 15’. 

Astronomy was used by the Egyptians in fixing the dates of their religious 
festivals almost as early as the Babylonian studies. By 2000 BC or earlier the new 
year began with the heliacal rising of Sirius; that is, the first reappearance of this 
star in the eastern sky during morning twilight after having last been seen just 
after sunset in the western sky. The heliacal rising of Sirius coincided approximate- 
ly with the annual Nile flood. The famous Pyramid of Cheops, which was probably 
built in the 17th century BC, was so constructed that the light of Sirius shone down 
a southerly shaft when at upper transit, and the light of the Pole Star shone down 
a northerly shaft at lower transit, the axes of the two shafts intersecting in the 
royal burial chamber. When the pyramid was constructed, a Draconis, not Polaris, 
was the Pole Star. 

The Greeks learned of navigational astronomy from the Phoenicians. The earli- 
est Greek astronomer, Thales, was of Phoenician ancestry. He is given credit for 
dividing the year of the western world into 365 days, and he discovered that the sun 
does not move uniformly between solstices. Thales is most popularly known, how- 
ever, for predicting the solar eclipse of 585 BC, which ended a battle between the 
Medes and the Lydians. He was the first of the great men whose work during the 
next 700 years was the controlling force in navigation, astronomy, and cartography 
until the Renaissance. 

120. Shape of the earth.—Advanced as the Babylonians were, they apparently 
considered the earth to be flat. Land surveys of about 2300 BC show a “salt water 
river” encircling the country (fig. 120). 

But seafarers knew that the last to be seen of a ship as it disappeared over the 
horizon was the masthead. They recognized the longer summer days in England 
when they sailed to the tin mines of Cornwall, as early as 900 BC. In that “north- 
land” the Mediterranean sailors noticed that the Pole Star was higher in the sky 
and the lower southern constellations were no longer visible. When Thales invented 
the gnomonic projection about 600 BC, he must have believed the earth to be a 
sphere. Two centuries later Aristotle wrote that the earth’s shadow on the moon 
during an eclipse was always circular. Archimedes (287-212 BC) used a glass celes- 
tial globe with a smaller terrestrial globe inside it. Although the average man has 
understood the spherical nature of the earth for only a comparatively short period, 
learned astronomers have accepted the fact for more than 25 centuries. 

121. Celestial mechanics.—Among astronomers the principal question for 2,000 
years was not the shape of the earth, but whether it or the sun was the center of 
the universe. A stationary earth seemed logical to the early Greeks, who calculated 
that daily rotation would produce a wind of several hundred miles per hour at the 
equator. Failing to realize that the earth’s atmosphere turns with it, they consid- 
ered the absence of such a wind proof that the earth was stationary. 
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Courtesy of the Map Division of the Library of Congress. 


Figure 120.—The original and reconstruction of a Babylonian map of about 500 BC. The Babylonians 
believed the earth to be a flat disk encircled by a salt water river. 


The belief among the ancients was that all celestial bodies moved in circles 
about the earth. However, the planets—the “wanderers,” as they were called— 
contradicted this theory by their irregular motion. In the fourth century BC Eu- 
doxus of Cnidus attempted to account for this by suggesting that planets were 
attached to concentric spheres which rotated about the earth at varying speeds. The 
plan of epicycles, the theory of the universe which was commonly accepted for 2,000 
years, was first proposed by Appolonius of Perga in the third century BC. Ptolemy 
accepted and amplified the plan, explaining it in his famous books, the Almagest 
and Cosmographia. According to Ptolemy, the planets moved at uniform speeds in 
small circles, the centers of which moved at uniform speeds in circles about the 
earth (fig. 121). 

At first the Ptolemaic theory was accepted without question, but as the years 
passed, forecasts based upon it proved to be inaccurate. By the time the Alfonsine 
Tables were published in the 13th century AD, a growing number of astronomers 
considered the Ptolemaic doctrine unacceptable. However, Purbach, Regio- 
montanus, Bernhard Walther of Nuremberg, and even Tycho Brahe in the latter 
part of the 16th century, were among those who tried to reconcile the earth- 
centered epicyclic plan to the observed phenomena of the heavens. 

As early as the sixth century BC, a brotherhood founded by Pythagoras, a 
Greek philosopher, proposed that the earth was round and self-supported in space, 
and that it, the other planets, the sun, and the moon revolved about a central fire 
which they called Hestia, the hearth of the universe. The sun and the moon, they 
said, shone by reflected light from Hestia. 

The central fire was never located, however, and a few hundred years later 
Aristarchus of Samos advanced a genuine heliocentric theory. He denied the exist- 
ence of Hestia and placed the sun at the center of the universe, correctly consider- 
ing it to be a star which shone by itself. The Hebrews apparently understood the 
correct relationship at least as early as Abraham (about 2000 BC), and the early 
inhabitants of the Western Hemisphere probably knew of it before the Europeans 
did. 
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FIGURE 121.—The plan of epicycles, by which the ancients explained the retro- 
grade motion of the planets. The planets were believed to rotate in small 
circles whose centers moved about the earth in a large circle. 


The Ptolemaic theory was generally accepted until its inability to predict 
future positions of the planets could no longer be reconciled. Its replacement by the 
heliocentric theory is credited principally to Nicolaus Copernicus (or Koppernigk). 
After studying mathematics at the University of Cracow, Copernicus went to Bolo- 
gna, where he attended the astronomical lectures of Domenicao Maria Novara, an 
advocate of the Pythagorean theory. Further study in Martianus Copella’s Satyri- 
con, which includes a discussion of the heliocentric doctrine, convinced him that the 
sun was truly the center of the universe. 

Until the year of his death Copernicus tested his belief by continual observa- 
tions, and in that year, 1543, he published De Revolutionibus Orbium Coelestium. In 
it he said that the earth rotated on its axis daily and revolved in a circle about the 
sun once each year. He placed the other planets in circular orbits about the sun 
also, recognizing that Mercury and Venus were closer than the earth, and the 
others farther out. He concluded that the stars were motionless in space and that 
the moon moved circularly about the earth. His conclusions did not become widely 
known until nearly a century later, when Galileo publicized them. Today, “heliocen- 
tric’ and “Copernican” are synonymous terms used in describing the character of 
the solar system. 

122. Other early discoveries.—A knowledge of the principal motions of the 
planets permitted reasonably accurate predictions of future positions. Other, less 
spectacular data, however, were being established to help round out the knowledge 
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astronomers needed before they could produce the highly accurate almanacs known 
today. 

More than a century before the birth of Christ, Hipparchus discovered the 
precession of the equinoxes (art.‘1419) by comparing his own observations of the 
stars with those recorded by Timocharis and Aristyllus about 300 BC. Hipparchus 
cataloged more than a thousand stars, and compiled an additional list of time- 
keeping stars which differed in sidereal hour angle by 15° (1 hour), accurate to 
15’. A spherical star map, or planisphere, and a celestial globe were among the 
equipment he designed. However, his instruments did not permit measurements of 
such precision that stellar parallax could be detected, and, consequently, he advo- 
cated the geocentric theory of the universe. 

Three centuries later Ptolemy examined and confirmed Hipparchus’ discovery 
of precession. He published a catalog in which he arranged the stars by constella- 
tions and gave the magnitude, declination, and right ascension (art. 1426) of each. 
Following Hipparchus, Ptolemy determined longitudes by eclipses. In the Almagest 
he included the plane and spherical trigonometry tables which Hipparchus had 
developed, mathematical tables, and an explanation of the circumstances upon 
which the equation of time (art. 1809) depends. 

The next thousand years saw little progress in the science of astronomy. Alex- 
andria continued as a center of learning for several hundred years after Ptolemy, 
but succeeding astronomers at the observatory confined their work to comments on 
his great books. The long twilight of the Dark Ages had begun. 

Alexandria was captured and destroyed by the Arabs in AD 640, and for the 
next 500 years Moslems exerted the primary influence in astronomy. Observatories 
were erected at Baghdad and Damascus during the ninth century. Ibn Yunis’ 
observatory near Cairo gathered the data for the Hakimite tables in the 11th 
century. Earlier, the Spanish, under Moorish tutelage, set up schools of astronomy 
at Cordova and Toledo. 

123. Modern astronomy may be said to date from Copernicus, although it was 
not until the invention of the telescope, about 1608, that precise measurement of 
the positions and motions of celestial bodies was possible. 

Galileo Galilei, an Italian, made outstanding contributions to the cause of 
astronomy, and these served as a basis for the work of later men, particularly Isaac 
Newton. He discovered Jupiter’s satellites, providing additional opportunities for 
determining longitude on land. He maintained that it is natural for motion to be 
uniform and in a straight line and that a force is required only when direction or 
speed is changing. Galileo’s support of the heliocentric theory, his use and improve- 
ment of the telescope, and particularly the clarity and completeness of his records 
provided firm footing for succeeding astronomers. 

Early in the 17th century, before the invention of the telescope, Tycho Brahe 
found that planet Mars to be in a position differing by as much as 8’ from that 
required by the geocentric theory. When the telescope became available, astrono- 
mers learned that the apparent diameter of the sun varied during the year, indicat- 
ing that the earth’s distance from the sun varies, and that its orbit is not circular. 

Johannes Kepler, a German who had succeeded Brahe and who was attempting 
to account for his 8’ discrepancy, published in 1609 two of astronomy’s most impor- 
tant doctrines, the law of equal areas, and the law of elliptical orbits. Nine years 
later he announced his third law, relating the periods of revolution of any two 
planets to their respective distances from the sun (art. 1407). 


HISTORY OF NAVIGATION an 


Kepler’s discoveries provided a mathematical basis by which more accurate 
tables of astronomical data were computed for the maritime explorers of the age. 
His realization that the sun is the controlling power of the system and that the 
orbital planes of the planets pass through its center almost led him to the discovery 
of the law of gravitation. 

Sir Isaac Newton reduced Kepler’s conclusions to the universal law of gravita- 
tion (art. 1407) when he published his three laws of motions in 1687. Because the 
planets exert forces one upon the other, their orbits do not agree exactly with 
Kepler’s laws. Newton’s work compensated for this and, as a result, the astronomer 
was able to forecast with greater accuracy the positions of the celestial bodies. The 
navigator benefited through more exact tables of astronomical data. 

Between the years 1764 and 1784, the Frenchmen Lagrange and Laplace con- 
clusively proved the solar system’s mechanical stability. Early in the 19th century, 
Nathaniel Bowditch translated and commented upon Laplace’s Mécanique Céleste, 
bringing it up-to-date. Prior to their work this stability had been questioned due to 
apparent inconsistencies in the motions of some of the planets. After their demon- 
strations, men were convinced and could turn to other important work necessary to 
refine and improve the navigator’s almanac. 

But there were real, as well as apparent, irregularities of motion which could 
not be explained by the law of gravitation alone. By this law the planets describe 
ellipses about the sun, and these orbits are repeated indefinitely, except as the 
other planets influence the orbits of each by their own gravitational pull. Urbain 
Leverrier, one-time Director of the Paris Observatory, found that the line of apsides 
of Mercury was advancing 43” per century faster than it should, according to the 
law of gravitation and the positions of other known planets. In an attempt to 
compensate for the resulting errors in the predicted positions of the planet, he 
suggested that there must be a mass of circulating matter between the sun and 
Mercury. No such circulating matter has been found, however, and Leverrier’s 
discovery is attributed to a shortcoming of Newton’s law, as explained by Albert 
Einstein. 

In Einstein’s hands, Leverrier’s 43” became a fact as powerful as Brahe’s 8’ had 
been in the hands of Kepler. Early in the 20th century, Einstein announced the 
general theory of relativity. He stated that for the planets to revolve about the sun 
is natural, and gravitational force is unnecessary for this, and he asserted that 
there need be no circulating matter to account for the motion of the perihelion of 
Mercury as this, too, is in the natural order of things. Calculated from his theory, 
the correction to the previously computed motion of the perihelion in 100 years is 
42’9, 

Prior to Einstein’s work, other discoveries had helped round out man’s know!l- 
edge of the universe. 

Aberration (art. 1417), discovered by James Bradley about 1726, accounted for 
the apparent shifting of the stars throughout the year, due to the combined orbital 
speed of the earth and the speed of light. Twenty years later Bradley described the 
periodic wobbling of the earth’s axis, called nutation (art. 1417), and its effect upon 
precession of the equinoxes. 

Meanwhile, in 1718 Edmond Halley, England’s second Astronomer Royal, de- 
tected a motion of the stars, other than that caused by precession, that led him to 
conclude that they, too, were moving. By studying the works of the Alexandrian 
astronomers, he found that some of the most prominent stars had changed their 
positions by as much as 32’. Jacques Cassini gave Halley’s discovery further support 
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when he found, a few years later, that the declination of Arcturus had changed 5’ 
in the 100 years since Brahe made his observations. This proper motion (art. 1414) 
is motion in addition to that caused by precession, nutation, and aberration. 

Sir William Herschel, the great astronomer who discovered the planet Uranus 
in 1781, proved that the solar system is moving toward the constellation Hercules. 
As early as 1828 Herschel advocated the establishment of a standard time system. 
Neptune was discovered in 1846 after its position had been predicted by the French- 
man Urbain Leverrier. Based upon the work of Percival Lowell, an American, Pluto 
was identified in 1930. Uranus, Neptune, and Pluto are of little concern to the 
navigator. 

A more recent discovery may well have greater navigational significance. This 
is the existence of sources of electromagnetic energy in the sky in the form of radio 
stars (art. 1414). The sun has been found to transmit energy of radio frequency, and 
instruments have been built which are capable of tracking it across the sky regard- 
less of weather conditions. 

124. Sextant.—Prior to the development of the magnetic compass, the navigator 
used the heavenly bodies chiefly as guides by which to steer. The compass, however, 
led to more frequent long voyages on the open sea, and the need for a vertical-angle 
measuring device which could be used for determining altitude, so that latitude 
could be found. 

Probably the first such device used at sea was the common quadrant, the 
simplest form of all such instruments. Made of wood, it was a fourth part of a 
circle, held vertical by means of a plumb bob. An observation made with this 
instrument at sea was a two- or three-man job. This device was probably used 
ashore for centuries before it went to sea, although its earliest use by the mariner 
is unknown. 

Invented perhaps by Apollonius of Perga in the third century BC, the astrolabe 
(fig. 124a)—from the Greek for star and to take—had been made portable by the 
Arabs possibly as early as AD 700. It was in the hands of Christian pilots by the 
end of the 13th century, often as an elaborate and beautiful creation wrought of 
precious metals. Some astrolabes could be used as star finders (art. 2210) by fitting 
an engraved plate to one side. Large astrolabes were among the chief instruments 
of 15th and 16th century observatories, but the value of this instrument at sea was 
limited. 

The principle of the astrolabe was similar to that of the common quadrant, but 
the astrolabe consisted of a metal disk, graduated in degrees, to which a movable 
sight vane was attached. In using the astrolabe, which may be likened to a pelorus 
held on its side, the navigator adjusted the sight vane until it was in line with the 
star, and then read the zenith distance from the scale. As with the common 
quadrant, the vertical was established by plumb bob. 

Three men were needed to make an observation with the astrolabe (one held 
the instrument by a ring at its top, another aligned the sight vane with the body, a 
third made the reading) and even then the least rolling or pitching of a vessel 
caused large acceleration errors in observations. Therefore, navigators were forced 
to abandon the plumb bob and make the horizon their reference. 

The cross-staff (fig. 124b) was the first instrument which utilized the visible 
horizon in making ‘celestial observations. The instrument consisted of a long, 
wooden shaft upon which one of several cross-pieces was mounted perpendicularly. 
The cross-pieces were of various lengths, the one being used depending upon the 
angle to be measured. The navigator fitted the appropriate cross-piece on the shaft 
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Figure 124a.—An ancient astrolabe, one of the earliest kinds of altitude- 
measuring instruments. 


and, holding one end of the shaft beside his eye, adjusted the cross until its lower 
end was in line with the horizon and its upper end with the body. The shaft was 
calibrated to indicate the altitude of the body observed. 

In using the cross-staff, the navigator was forced to look at the horizon and the 
celestial body at the same time. In 1590 John Davis, author of The Seaman’s 
Secrets, invented the backstaff (fig. 124c) or sea quadrant. He was one of the few 
practical seamen (Davis Strait is named for him, in honor of his attempt to find the 
Northwest Passage) to invent a navigational device. The backstaff marked a long 
advance and was particularly popular among American colonial navigators. 

In using this instrument, the navigator turned his back to the sun and aligned 
its shadow with the horizon. The backstaff had two arcs, and the sum of the values 
shown on each was the zenith distance of the sun. Later, this instrument was fitted 
with a mirror to permit observations of bodies other than the sun. t 

Another instrument developed about the same time was the nocturnal (fig. 
124d). Its purpose was to provide the mariner with the appropriate correction to be 
made to the altitude of Polaris to determine latitude. By sighting on Polaris 
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Ficure 124b.—The cross-staff, the first instrument to utilize the visible horizon in making celestial 
observations. 


Courtesy of Peabody Museum of Salem. 


Figure 124¢c.—The backstaff, or sea quadrant, a favorite 
instrument of American colonial navigators. 


through the hole in the center of the instrument and adjusting the movable arm so 
that it pointed at Kochab, the navigator could read the correction from the instru- 
ment. Most nocturnals had an additional outer disk graduated for the months and 
days of the year and by adjusting this the navigator could also determine solar 
time. 

Tycho Brahe designed several instruments with arcs of 60°, having one fixed 
sight and another movable one. He called the instruments sextants and the name is 
now commonly applied to all altitude-measuring devices used by the navigator (ch. 
XV). In 1700 Sir Isaac Newton sent to Edmond Halley, the Astronomer-Royal, a 
description of a device having double-reflecting mirrors, the principle of the modern 
marine sextant. However, this was not made public until after somewhat similar 
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Figure 124d.—The nocturnal, an instrument used to determine 
latitude by an observation of Polaris. 


instruments had been made in 1730 by the Englishman John Hadley, and the 
American Thomas Godfrey. 

The original instrument constructed by Hadley was, in fact, an octant, but due 
to the double-reflection principle it measured angles up to one-fourth of a circle, or 
90°. Godfrey’s instrument is reported to have been a quadrant, and so could meas- 
ure angles through 180°. The two men received equal awards from England’s Royal 
Society, as their work was considered to be a case of simultaneous independent 
invention, although Hadley probably preceded Godfrey by a few months in the 
actual construction of his sextant. 

In the next few years both instruments were successfully tested at sea, but 20 
years or more passed before the navigator gave up his backstaff or sea quadrant for 
the new device. In 1733 Hadley attached a spirit level to a quadrant, and with it 
was able to measure altitudes without reference to the horizon. Some years later 
the first bubble sextant (art. 1513) was developed. 

Pierre Vernier, in 1631, had attached to the limb of a quadrant a second, 
smaller graduated arc, thereby permitting angles to be measured more accurately, 
and this device was incorporated in all later angle-measuring instruments. 

The sextant has remained practically unchanged since its invention more than 
two centuries ago. The only notable improvements have been the addition of an 
endless tangent screw and a micrometer drum, both having been added during the 


20th century. 
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125. Determining latitude.—The ability to determine longitude at sea is com- 
paratively modern, but latitude has been available for thousands of years. 

Meridian transit of the sun. Long before the Christian era, astronomers had 
determined the sun’s declination for each day of the year, and prepared tables 
listing the data. This was a comparatively simple matter, for the zenith distance 
obtained by use of a shadow cast by the sun on the day of the winter solstice could 
be subtracted from that obtained on the day of the summer solstice to determine 
the range of the sun’s declination, about 47°. Half of this is the sun’s maximum 
declination, which could then be applied to the zenith distance recorded on either 
day to determine the latitude of the place. Daily observations thereafter enabled 
the ancient astronomers to construct reasonably accurate declination tables. 

Such tables were available long before the average navigator was ready to use 
them, but certainly by the 15th century experienced seamen were determining their 
latitude at sea to within 1° or 2°. In his 1594 The Seaman’s Secrets, Davis made use 
of his experience in high latitudes to explain the method of determining latitude by 
lower transit observations of the sun. 

Ex-meridian observation of the sun. The possibility of overcast skies at the one 
time each day when the navigator could get a reliable observation for latitude led 
to the development of the “ex-meridian” sight. Another method, involving two 
sights taken with a considerable time interval between, had previously been known, 
but the mathematics were so involved that it is doubtful that many seamen made 
use of it. 

There are two methods by which ex-meridian observations can be solved. The 
direct process was the more accurate, although it required a trigonometrical solu- 
tion. By the latter part of the 19th century, tables were introduced which made the 
method of reduction to the meridian more practical and, when occasion demands 
such an observation, this is the method generally used today. However, with the 
development of line of position methods and the modern inspection table, ex- 
meridian observations have lost much of their popularity. 

Latitude by Polaris. First use of the Pole Star to determine latitude is not 
known, but many centuries ago seamen who used it as a guide by which to steer 
were known to comment upon its change of altitude as they sailed north or south. 

By Columbus’ time some navigators were using Polaris to determine latitude, 
and with the invention of the nocturnal late in the 16th century, providing correc- 
tions to the observed altitude, the method came into more general use. The develop- 
ment of the chronometer in the 18th century permitted exact corrections, and this 
made determination of latitude by Polaris a common practice. Even today, more 
than a century after discovery of the celestial line of position, the method is still in 
use. The modern inspection table has eliminated the need for meridian observations 
as a special method for determining latitude. Perhaps when the almanacs and sight 
reduction tables make the same provision for solution of Polaris sights as they do 
for any other navigational star, this last of the special methods will cease to be used 
for general navigation. But customs die slowly, and one as well established as that 
of position finding in terms of separate latitude and longitude observations—instead 
of lines of position—is not likely to disappear completely for many years to come. 

126. The search for a method of “discovering” longitude at sea.—A statement 
once quite common was, “The navigator always knows his latitude.” A more accu- 
rate statement would have been, “The navigator never knows his longitude.” In 
1594 Davis wrote: Now there be some that are very inquisitive to have a way to 
get the longitude, but that is too tedious for Seamen, since it requireth the deep 
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knowledge of astronomy, wherefore I would not have any man think that the 
longitude is to be found at sea by any instrument, so let no seamen trouble 
themselves with any such rule, but let them keep a perfect account and reckoning 
of the way of their ship.” In speaking of conditions of his day, he was correct, for it 
was not until the 19th century that the average navigator was able to determine his 
longitude with accuracy. 

Parallel sailing. Without knowledge of his longitude, the navigator of old found 
it necessary on an ocean crossing to sail northward or southward to the latitude of 
his destination, and then to follow that parallel of latitude until the destination was 
reached, even though this might take him far out of his way. Because of this 
practice, parallel sailing was an important part of the navigator’s store of knowl- 
edge. The method was a crude one, however, and the time of landfall was often in 
error by a matter of days, and, in extreme cases, even weeks. 

Eclipses. Almost as early as the rotation of the earth was established, astrono- 
mers recognized that longitude could be determined by comparing local time with 
that at the reference meridian. The problem was the determination of time at the 
reference meridian. 

One of the first methods proposed was that of observing the disappearance of 
Jupiter’s satellites as they were eclipsed by their planet. This method, originally 
proposed by Galileo for use on land, required the ability to observe and identify the 
satellites by using a powerful telescope, knowledge of the times at which the 
eclipses would take place, and the skill to keep the instrument directed at the 
bodies while aboard a small vessel on the high seas. Although used in isolated cases 
for many years, the method was not satisfactory at sea, due largely to the difficulty 
of observation (some authorities recommended use of a telescope as long as 18 or 19 
feet) and the lack of sufficiently accurate predictions. 

Variation of the compass was seriously considered as a method of determining 
longitude for 200 years or more. Faleiro, Magellan’s advisor, believed it could be so 
utilized, and, until development of the chronometer, work was carried on to perfect 
the theory. Although there is no simple relationship between variation and longi- 
tude, those who advocated the method felt certain that research and investigation 
would eventually provide the answer. Many others were convinced that such a 
solution did not exist. In 1676, Henry Bond published The Longitude Found, in 
which he stated that the latitude of a place and its variation could be referred to 
the prime meridian to determine longitude. Two years later Peter Blackborrow 
rebutted with The Longitude Not Found. 

Variation was put to good use in determining the nearness to land by shipmas- 
ters familiar with the waters they plied, but as the solution to the longitude 
problem it was a failure, and with the improvement of lunar distance methods and 
the invention of the chronometer, interest in the method waned. If it had been 
possible to provide the mariner with an accurate chart of variation, and to keep it 
up-to-date, a means of establishing an approximate line of position in areas where 
the gradient is large would have resulted; in many cases this would have estab- 
lished longitude if latitude were known. ; 

Lunar distances. The first method widely used at sea to determine longitude 
with some accuracy was that of lunar distances (art. 131), by which the navigator 
determined GMT by noting the position of the relatively fast-moving moon among 
the stars. Both Regiomontanus, in 1472, and John Werner, in 1514, have been 
credited with being the first to propose the use of the lunar distance method. At 
least one source states that Amerigo Vespucci, in 1497, determined longitude using 
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the moon’s position relative to that of another body. One of the principal reasons 
for establishing the Royal Observatory at Greenwich was to conduct the observa- 
tions necessary to provide more accurate predictions of the future positions of the 
moon. Astronomers, including the Astronomers Royal, favored this method, and 
half a century after the invention of the chronometer it was still being perfected. In 
1802 Nathaniel Bowditch simplified the method and its explanation, thus eliminat- 
ing much of the mystery surrounding it and making it understandable to the 
average mariner. By using Bowditch’s method, the navigator was able to head more 
or less directly toward his destination, rather than travel the many additional miles 
often required in “running down the latitude” and then using parallel sailing. An 
explanation of the lunar distance method, and tables for its use, were carried in the 
American Practical Navigator until 1914. 

The Board of Longitude. The lunar distance method, using the data and 
equipment available early in the 18th century, was far from satisfactory. Ships, 
cargoes, and lives were lost because of inaccurately determined longitudes. During 
the Age of Discovery, Spain and Holland posted rewards for solution to the prob- 
lem, but in vain. When 2,000 men were lost as a squadron of British men-of-war ran 
aground on a foggy night in 1707, officers of the Royal Navy and Merchant Navy 
petitioned Parliament for action. As a result, the Board of Longitude was estab- 
lished in 1714, empowered to reward the person who could solve the problem of 
“discovering” longitude at sea. A voyage of 6 weeks duration was to be the test of 
proposed methods which were deemed worthy. The discoverer of a system which 
could determine the longitude within 60 miles by the end of the voyage was to 
receive £10,000; within 40 miles, £15,000; and within 30 miles, £20,000. These would 
be handsome sums today. In the 18th century they were fortunes. 

127. Evolution of the chronometer.—Many and varied were the solutions pro- 
posed for finding longitude, and as the different methods were found unsatisfactory, 
it became increasingly apparent that the problem was one of keeping the time of 
the prime meridian. But the development of a device that would keep accurate time 
during a long voyage seemed to most men to be beyond the realm of possibility. 
Astronomers were flatly opposed to the idea and felt that the problem was properly 
theirs. There is even some evidence to indicate that the astronomers of the Board of 
Longitude made unfair tests of chronometers submitted to them. 

Christian Huygens (1629-95), a Dutch scientist and mathematician, made a 
number of contributions of great value in the field of astronomy, but his most 
memorable work, to the navigator, was his attempt at constructing a perfect time- 
piece. It was probably Galileo who first suggested using a pendulum in keeping 
time. Huygens realized that an error would result from the use of a simple pendu- 
lum, however, and he devised one in which the bob hung from a double cord that 
passed between two plates in such a way that it traced a cycloidal path. 

In 1660 Huygens built his first chronometer. The instrument utilized his cycloi- 
dal pendulum, actuated by a spring. To compensate for rolling and pitching, Huy- 
gens mounted the clock in gimbals. Two years later the instrument was tested at 
sea, with promising results. The loss of tension in the spring as it ran down was the 
major weakness in this clock. Huygens compensated for this by attaching oppositely 
tapered cones and a chain to the spring. A 1665 sea test of the new timepiece 
ae ere Baye but still not enough for determination of longitude. In 
rte vane ae ae Sieh ene special balance and long balance-spring. 

Haak rine timepiece then known, Huygens’ last clock was 
aiso unsulted for use at sea due to the error caused by temperature changes. 
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John Harrison was a carpenter’s son, born in Yorkshire in 1693. He followed 
his father’s trade during his youth, but soon became interested in the repair and 
construction of clocks. At the age of 20 he completed his first timekeeper, a 
pendulum-type clock with wooden wheels and pinions. Harrison’s gridiron pendu- 
lum, one which maintained its length despite temperature changes, was designed 
about 1720, and contained alternate iron and brass rods to eliminate distortion. 
Until the time that metal alloys having small coefficients of temperature expansion 
were developed, Harrison’s invention was the type pendulum used by almost all 
clockmakers. 

By 1728 Harrison felt ready to take his pendulum, an escapement he had 
invented, and plans for his own marine timepiece before the Board of Longitude. In 
London, however, Edmund Halley, Astronomer-Royal, advised him to first construct 
the timekeeper. Harrison did, and in 1735 he submitted his No. 1 chronometer (fig. 
127). The Board authorized a sea trial aboard HMS Centurion. The following year, 
that vessel sailed for Lisbon with Harrison’s clock on board, and upon her return, 
the error was found to be 3 minutes of longitude, a performance which astounded 
members of the Board. But the chronometer was awkward and heavy, being mount- 
ed on springs and enclosed in a gimballed wooden case and weighing some 72 
pounds. The Board advanced Harrison a total of £1,250 between 1736 and 1760 to 
develop timekeepers No. 2 and No. 3. 


British Crown copyright. From the original in the National Maritime. 
Museum, London, England. Reproduced by permission of the Admiralty. 


Figure 127.—Harrison’s No. 1 chronometer. The first of four timekeepers 
constructed by Harrison, this clock weighs 65 pounds. 
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During the next few years he constructed two other chronometers, which were 
stronger and less complicated, although there is no record of their being tested by 
the Board of Longitude. Harrison continued to devote his life to the construction of 
an accurate clock to be used in determining longitude, and finally, as he ap- 
proached old age, he developed his No. 4. Again he went before the Board, and 
again a test was arranged. In November of 1761, HMS Deptford sailed for Jamaica 
with No. 4 aboard, in the custody of Harrison’s son, William. On arrival, after a 
passage lasting 2 months, the watch was only 9 seconds slow (2% minutes of 
longitude). In January of 1762 it was placed aboard HMS Merlin for the return 
voyage to England. When the Merlin anchored in English waters in April of that 
year, the total error shown by the chronometer was 1 minute 54.5 seconds. This is 
equal to less than a half degree of longitude, or less than the minimum error 
prescribed by the Board for the largest prize. Harrison applied for the full £20,000, 
but the Board, led by the Astronomer-Royal, allowed him only one-eighth of that, 
and insisted on another test. 

William Harrison sailed again with No. 4 for Barbados in March of 1764, and 
throughout the almost four-months-long voyage the chronometer showed an error of 
only 54 seconds, or 13.5 minutes of longitude. The astronomers of the Board reluc- 
tantly joined in a unanimous declaration that Harrison’s timepiece had exceeded all 
expectations, but they still would not pay him the full reward. Harrison was paid 
£7,500 in 1765. In addition to the plans, he was required to turn over all four of his 
timepieces. Even when this was done, the Board delayed payment further by having 
one of its members construct a timepiece from the plans. Not until 1773, Harrison’s 
80th year, was the rest of the reward paid, and only then because of intervention by 
the king himself. 

Pierre LeRoy, a great French clockmaker, constructed a chronometer in 1766 
which has since been the basis for all such instruments. LeRoy’s several inventions 
made his chronometer a timepiece which has been described as a “masterpiece of 
simplicity, combined with efficiency.” Others to contribute to the art of watchmak- 
ing included Ferdinand Berthoud of France and Thomas Mudge of England, each of 
whom developed new escapements. The balance wheel was improved by John 
Arnold, who invented the escapement acting in one direction only, substantially 
that used today. Acting independently, Thomas Earnshaw invented a similar esca- 
pement. He built the first reliable chronometer at a relatively low price. The 
chronometer the Board of Longitude had made from Harrison’s plans cost £450; 
Earnshaw’s cost £45. 

Timepieces designed to provide the navigator with information other than time 
were popular a century or more ago. One showed the times of high and low water, 
the state of the tide at any time, and the phases of the moon; another gave the 
equation of time and the apparent motions of the stars and planets; a third offered 
the position of the sun and both mean and sidereal times. But the chronometers 
produced by LeRoy and Earnshaw were the ones of greatest value to the navigator; 
they gave him a simple and reliable method of determining his longitude. 

Time signals, which permit the mariner at sea to check the error in his 
chronometer, are essentially a 20th century development. Telegraphic time signals 
were inaugurated in the United States at the end of the Civil War, and enabled 
Ships LO. check their chronometers in port by time ball signals. Previously, the 
Navy Ss standard chronometer had been carried from port to port to allow such 
comparison. In their most advanced form, time balls were dropped by telegraphic 
action. In 1904 the first official “wireless” transmission of time signals began from a 
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naval station at Navesink, N.J. These were low-power signals which could be heard 
for a distance of about 50 miles. Five years later the range had been doubled, and, 
as other nations began sending time signals, the navigator was soon able to check 
his chronometer around the world. 

The search for longitude was ended. 

128. Establishment of the prime meridian.—Until the beginning of the 19th 
century, there was little uniformity among cartographers as to the meridian from 
which longitude was measured. The navigator was not particularly concerned, as he 
could not determine his longitude, anyway. 

Ptolemy, in the second century AD, had measured longitude eastward from a 
reference meridian 2 degrees west of the Canary Islands. In 1493 Pope Alexander 
VI drew a line in the Atlantic west of the Azores to divide the territories of Spain 
and Portugal, and for many years this meridian was used by chart makers of the 
two countries. In 1570 the Dutch cartographer Ortelius used the easternmost of the 
Cape Verde Islands. John Davis, in his 1594 The Seaman’s Secrets, said the Isle of 
Fez in the Canaries was used because there the variation was zero. Mariners paid 
little attention, however, and often reckoned their longitude from several different 
capes and ports during a voyage, depending upon their last reliable fix. 

The meridian of London was used as early as 1676, and over the years its 
popularity grew as England’s maritime interests increased. The system of measur- 
ing longitude both east and west through 180° may have first appeared in the 
middle of the 18th century. Toward the end of that century, as the Greenwich 
Observatory increased in prominence, English map makers began using the meridi- 
an of that observatory as a reference. The publication by the Observatory of the 
first British Nautical Almanac in 1767 further entrenched Greenwich as the prime 
meridian. A later and unsuccessful attempt was made in 1810 to establish Washing- 
ton as the prime meridian for American navigators and cartographers. At an 
international conference held in Washington in 1884 the meridian of Greenwich 
was officially established, by the 25 nations in attendance, as the prime meridian. 
Today all maritime nations have designated the Greenwich meridian the prime 
meridian, except in a few cases where local references are used for certain harbor 
charts. 

129. Astronomical observatories.—Thousands of years before the birth of 
Christ, crude observatories existed, and astronomers constructed primitive tables 
which were the forerunners of modern almanacs. The famous observatory at Alex- 
andria, the first “true” observatory, was constructed in the third century BC, but 
the Egyptians, as well as the Babylonians and Chinese, had already studied the 
heavens for many centuries. The armillary sphere (fig. 129a) was the principal 
instrument used by the early astronomers. It consisted of a skeleton sphere with 
several movable rings which could be adjusted to indicate the orbits of the various 
celestial bodies. One source attributes the invention of the armillary sphere to 
Eratosthenes in the third century BC; another says the Chinese knew it 2,000 years 
earlier, as well as the water clock and a form of astrolabe. The Alexandrian 
observatory was the seat of astronomical learning in the western world for several 
centuries, and there Hipparchus discovered the precession of the equinoxes, and 
Ptolemy did the work which led to his Almagest. 

Astronomical study did not cease entirely during the Dark Ages. The Arabians 
erected observatories at Baghdad and Damascus in the ninth century AD, and 
observatories in Cairo and northwestern Persia followed. The Moors brought the 
astronomical knowledge of the Arabs into Spain, and the Toledan Tables of 1080 
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FiGurE 129a.—An armillary sphere, one of the most important instruments 
of the ancient astronomers. 


resulted from an awakening of scientific interest that brought about the establish- 
ment of schools of astronomy at Cordova and Toledo in the 10th century. 

The great voyages of western discovery began early in the 15th century, and 
chief among those who recognized the need for greater precision in navigation was 
Prince Henry “The Navigator” of Portugal. About 1420 he had an observatory 
constructed at Sagres, on the southern tip of Portugal, so that more accurate 
information might be available to his captains. Henry’s hydrographic expeditions 
added to the geographical knowledge of the mariner, and he was responsible for the 
simplification of many navigational instruments. 

The Sagres observatory was rudimentary, however, and not until 1472 was the 
first complete observatory built in Europe. In that year Bernard Walther, a wealthy 
astronomer, constructed the Nuremberg Observatory, and placed Regiomontanus in 
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charge. Regiomontanus, born Johann Miiller, contributed a wealth of astronomical 
data of the greatest importance to the navigator. 

The observatory at Cassel, built in 1561, had a revolving dome and an instru- 
ment capable of measuring altitude and azimuth at the same time. Tycho Brahe’s 
Uraniburgum Observatory, located on the Danish island Hveen, was opened in 
1576, and the results of his observations contributed greatly to the navigator’s 
knowledge. Prior to the discovery of the telescope, the astronomer could increase 
the accuracy of his observations only by using larger instruments. Brahe used a 
quadrant with a radius of 19 feet, with which he could measure altitudes to 0/6, an 
unprecedented degree of precision at that time. He also had an instrument with 
which he could determine altitude and azimuth simultaneously (fig. 129b). After 
Brahe, Kepler made use of the observatory and his predecessor’s records in deter- 
mining the laws which bear his name. 


Courtesy of the Map Division of the Library of Congress. 


FicurE 129b.—A reproduction of Brahe’s pelorus. This instrument was used 
to determine altitude and azimuth simultaneously. 


The telescope, the modern astronomer’s most important tool, was invented by 


Hans Lippershey about 1608. Galileo heard of Lippershey’s invention, and soon 
improved upon it. In 1610 he discovered the four great moons of Jupiter, which led 
to the “longitude by eclipse” method successfully used ashore for many years and 
experimented with at sea. With the 32-power telescope he eventually built, Galileo 
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was able to observe clearly the motions of sun spots, by which he proved that the 
sun rotates on its axis. In Paris, in 1671, the French National Observatory was 
established. 

Greenwich Royal Observatory. England had no early privately supported ob- 
servatories such as those on the continent. The need for navigational advancement 
was ignored by Henry VIII and Elizabeth I, but in 1675 Charles IL, at the urging of 
John Flamsteed, Jonas Moore, Le Sieur de Saint-Pierre, and Christopher Wren, 
established the Greenwich Royal Observatory. Charles limited construction costs to 
£500, and appointed Flamsteed the first Astronomer-Royal, at an annual salary of 
£100. The equipment available in the early years of the observatory consisted of two 
clocks, a “sextant” of 7-foot radius, a quadrant of 3-foot radius, two telescopes, and 
the star catalog published almost a century before by Tycho Brahe. Thirteen years 
passed before Flamsteed had an instrument with which he could determine his 
latitude accurately. In 1690 a transit instrument equipped with a telescope and 
vernier was invented by Romer, and he later added a vertical circle to the device. 
This enabled the astronomer to determine declination and right ascension at the 
same time. One of these instruments was added to the equipment at Greenwich in 
1721, replacing the huge quadrant previously used. The development and perfection 
of the chronometer in the next hundred years added further to the accuracy of 
observations. 

Other national observatories were constructed in the years that followed: at 
Berlin in 1705, St. Petersburg in 1725, Palermo in 1790, Cape of Good Hope in 1820, 
Parramatta in New South Wales in 1822, and Sydney in 1855. 

U.S. Naval Observatory. The first observatory in the United States is said to 
have been built in 1831-1832 at Chapel Hill, N.C. The Depot of Charts and Instru- 
ments, established in 1830, was the agency from which the U.S. Navy Hydrographic 
Office and the Naval Observatory evolved 36 years later. Under Lieutenant Charles 
Wilkes, the second Officer-in-Charge, the Depot about 1835 installed a small transit 
instrument for rating chronometers. The Mallory Act of 1842 provided for the 
establishment of a permanent observatory, and the director was authorized to 
purchase all such supplies as were necessary to continue astronomical study. The 
observatory was completed in 1844 and the results of its first observations were 
published 2 years later. Congress established the Naval Observatory as a separate 
agency in 1866. In 1873 a refracting telescope with a 26-inch aperture, then the 
world’s largest, was installed. The observatory, located at Washington, D.C., has 
occupied its present site since 1893. 

The Mount Wilson Observatory of the Carnegie Institution of Washington was 
built in 1904-05. The observatory’s 100-inch reflector telescope opened wider the 
view of the heavens, and enabled astronomers to study the movements of celestial 
bodies with greater accuracy than ever before. But a still finer tool was needed, and 
in 1934 the 200-inch reflector for the Palomar Mountain Observatory was cast. The 
$6 million observatory was built by the Rockefeller General Education Board for 
the California Institute of Technology, which also operates the Mount Wilson Ob- 
servatory. The 200-inch telescope makes it possible to see individual stars 20 million 
light-years away and galaxies at least 1.6 billion light-years away. 

As with earlier instruments, the telescope has about reached the limit of 
practical size. Present efforts are being directed toward application of the electron 
microscope to the telescope, to increase the range of present instruments. 

130. Almanacs.—From the beginning, astronomers have undoubtedly recorded 
the results of their observations. Tables computed from such results have been 
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known for centuries. The work of Hipparchus, in the second century BC, and 
Ptolemy, in his famous Almagest, are examples. Then the Toledan Tables appeared 
in AD 1080, and the Alfonsine Tables in 1252. Even with these later tables, howev- 
er, few copies were made, for printing had not yet been invented, and those that 
were available were kept in the hands of astronomers. Not until the 15th century 
were the first almanacs printed and made available to the navigator. In Vienna, in 
1457, George Purbach issued the first almanac. Fifteen years later the Nuremberg 
Observatory, under Regiomontanus, issued the first of the ephemerides it published 
until 1506. These tables gave the great maritime explorers of the age the most 
accurate information available. In 1474 Abraham Zacuto introduced his Almanach 
Perpetuum (fig. 1380a) which contained tables of the sun’s declination in the most 
useful form yet available to the mariner. Tabulae Prutenicae, the first tables to be 
calculated on Copernican principles, were published by Erasmus Reinhold in 1551 
and gave the mariner a clearer picture of celestial movements than anything 
previously available. The work of Brahe and Kepler at the Uraniburgum Observato- 
ry provided the basis for the publication of the Rudolphine Tables in 1627. 
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Courtesy of the John Carter Brown Library, Brown University. 


Figure 130a—An excerpt from the Portuguese 
Regimento do estrolabio e do quadrante of about 
1509, giving the sun’s declination and other data 
based upon Zacuto’s calculations for the month 
of March. The first day of spring, the 11th by 
the Julian calendar then in use, is marked by 
the symbol of Aries, the ram (7). 
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Still, the information contained in these books was intended primarily for the 
use of the astronomer, and the navigator carried the various tables only that he 
might make use of the portions applicable to his work. The first official almanac, 
Connaissance des Temps, was issued by the French National Observatory in 1696. 
The French Observatory rose to its greatest prominence during the 20 years that 
Urbain Leverrier held the position of director. 

In 1767 the British Nautical Almanac was first published. Nevil Maskelyne was 
then Astronomer-Royal, and he provided the navigator with the best information 
available. The book contained tables of the sun’s declination, and corrections to the 
observed altitude of Polaris. The moon’s position relative to other celestial bodies 
was included at 12-hour intervals, and lunar distance tables gave the angular 
distance between the moon and certain other bodies at 3-hour intervals. 

For almost a hundred years the British Nautical Almanac was the one used by 
American navigators, but in 1852 the Depot of Charts and Instruments published 
the first American Ephemeris and Nautical Almanac, for the year 1855. 

Early American almanacs were distinguished by their excessive detail in some 
cases and shortage of data of importance to the navigator in others. Declination was 
given to the nearest 071 and the equation of time to the nearest 0301. Most figures 
were given only for noon at Greenwich, and a tedious interpolation was involved in 
converting the information to that at a given time at the longitude of the observer. 
Lunar distances were given at 3-hour intervals. Few star data were listed (fig. 130b). 

Since 1858 the American Nautical Almanac has been printed without the 
ephemeris section, that part of value chiefly to astronomers. Until 1908 the posi- 
tions of the brighter stars were given only for January lst, and in relation to the 
meridian of Washington. Beginning in that year, the apparent places of 55 major 
stars were given for the first of each month. In 1912, the tables of lunar distances 
were omitted. In 1919, sunrise and sunset tables were added. 

One of the greatest inconveniences involved in using the old almanacs was the 
astronomical day, which began at noon of the civil day of the same date. This 
system was abolished in 1925, and the United States adopted the expression “civil 
time” to designate time by the new system. Greenwich hour angle was first pub- 
lished for the moon in the Lunar Ephemeris for Aviators for the last 4 months of 
1929. This publication became a supplement to the Nautical Almanac in 1931, and 
for 1932 the two were merged. 

The Air Almanac, designed by Captain P. V. H. Weems, USN (Ret.), was 
published for 1933, giving Greenwich hour angle for all bodies included. For 1934 
this information was given in the Nautical Almanac, and the Air Almanac was 
discontinued. The first British air almanac was published for the last quarter of 
1937, and modified for 1939 with features followed closely in the first American Air 
Almanac, for 1941. In 1950 a revised Nautical Almanac appeared, patterned after 
the popular American Air Almanac. Starting with the 1953 edition, the British and 
American air almanacs were combined in a single publication. In that year the 
United States reverted to the expression “mean time” in place of “civil time.” In 
1958, the British and American nautical almanacs were combined, and in 1960, the 
name was standardized. 

131. The navigational triangle.—It is customary for modern navigators to 
reduce their celestial observations by solving the triangle whose points are the 
elevated pole, the celestial body, and the zenith of the observer. The sides of this 
triangle are the polar distance of the body (codeclination), its zenith distance 
(coaltitude), and the polar distance of the zenith (colatitude of the observer). 
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FIXED STARS, 1856. 


MEAN PLACES OF ‘100 PRINCIPAL FIXED STARS, FOR 
JANUARY 1, 1855. 


Sar’s Nane. Mag. Right Ascension An. Variation, ensued An. Variation. 
P hom . * a) 
a ANDROMEDS 2 | 0 0 53.97|+ 3.067] +28 17 24.3) +189: 
: i H .93 
y Precast (Algenid) | 3.2] 0 5 46.37) 3.085] +1422 38.1| 20.05 
B Hydri 3 5 aly 018 3.62 3.292] —78 4 23.1 20.23 
a Cassiore® var, 0 32 18.36 3.356] +55 44 29.2 19.83 
B Ceti 2 0 36 18.45 3.016] —18 47 0.1 19,86 
a Urs, Min. (Polaris)| 2 1 6 29,82) +-18.117] +88 32 11.3 
| i r 19. 
é Ceti ie: F 3 1 16 46.57 3.000] — 8 55 58.6 abe 
a Eridani (Achernar)| 1 1 32 18.42 2.238] —57 58 28.2 18.59 
aAmsris. . | 2 | 159 0.44] 3.965] +22 46 28.4) 17:29 
y Ceti . 3.4 2 35 47.42 3.102 2 37 19.4 15.44 
a CeTI 2.3 2 54 42.21) + 3.129] + 331 4.7 1 
a PERSE! 2 | 3 13 60.52] 4243] 49 20 2661 * 1o.25 
” Pauri 3 3 38 52.31 3.553] +23 39 11.0 11.54 
y' Eridani. 2 3 3 51 15.91 2.796} —13 55 26.7 10.59 
a Taunt (Aldebaran)| 1 | 4 27 36.26] 3.436] +16 1249.4] 7.72 
a Auric& (Capella) | 1 5 5 59.03}-+ 4.423] +45 50 41.8 
g Onions (Rigel) | 1] 5 7 34.23| 2.884] — 8 22 225 7 oe 
B Tauri : : 2 hy UNE shins 3.791] +-28 28 48.3 3.55 
3 Ozionis 2 5 24 36.06 3.066] — 0 24 37.8 3.05 
a Leporis 3 5 26 20.19 2.648] —17 55 46.0 2.94 
« OrIoNIS 2 5 28 51.43) + 3.044) — 1 17 54.6) + 2.71 
a Columbe . 2 5 34 24.05 2.177 9 13.3) 2.23 
a Orionis var. 5 47 19.35 3.249] + 7 22 32.6) + 1.11 
» Geminorum : 3 6 14 11.30 3.636] +22 34 59.9) — 1.37 
a Argus (Canopus) .| 1 6 20 44.13 1.330] —52 37 4.7) — 1.81 
51 (Hey.) Cephei_ : 5 6 31 6,10) +30.650}] +87 15 7.9) — 2.80 
a Canis Mas. (Sirius) 1 6 38 45.60 2.646] —16 31 12.8 4.52 
€ Canis Majoris . Pay 6 52 55.69 2.360 | —28 46 40.3 4.58 
8 Geminorum J 3.4 7 «11 27.65 3.597] +22 14 41.7 6.16 
a’ Geminog. (Castor) | 2.1] 7 25 20.49 3.841 32 12 6.2 1.37 
| a Can.MIn.(Procyon)| 1 7 31 42.52|/-+ 3.145] + 5 35 35.7) — 8.79 
B Geminor. (Pollur) | 1.2 7 36 26.23 3.681} +28 22 19.9 8.26 
15 Argus 5 5 al 3 BLE 22;22 2.557] —23 53 20.5 10.06 
« Hydre 3.4 8 39 5.74 3.189} + 6 56 52.2 12.86 
« Urse Majoris . 3 8 49 15.44 4.123] -+-48 36 26.7 13.78 
+ Argus 2 9 13 12.52|-+4 1.602} —58 40 3.3; —14.91 
a Hypre. 2 9 20 27.65 2.951] — 8 1 56.8 15.36 
6 Urse Majoris 3 | 9 23 7.85) 4.048] +52 20 6.3) 16.13 
«Leonis .  . «| 3 | 9 37 36.82; 3.424] 2426 22.0) 16.34 
a Leonis (Regulus) | 1.2] 10 0 38.72} 3.205] +12 40 26.4) 17.40 
9 Argus 2 | 10 39 26.75|-+ 2.306] —58 55 21.5] —18.74 


Figure 130b.—Star data from the 1855 Nautical Almanac. The 
annual corrections in declination and right ascension can be 
used to obtain reasonably correct values today. 


Lunar distances. A spherical triangle was first used at sea in solving lunar 
distance problems. Simultaneous or nearly simultaneous observations were made of 
the altitudes of the moon and the sun or a star near the ecliptic, and the angular 
distance between the moon and the other body. The zenith of the observer and the 
two celestial bodies: formed the vertices of the triangle, whose sides were the two 
coaltitudes and the angular distance between the bodies. By means of a mathemati- 
cal calculation the navigator “cleared” this distance of the effects of refraction and 
parallax applicable to each altitude, and other errors. The corrected value was then 
used as an argument for entering the almanac, which gave the true lunar distance 
from the sun and several stars at 3-hour intervals. 

Previously, the navigator had set his watch or checked its error and rate, which 
could be relied upon for short periods, with the local mean time determined by 
celestial observations. The local mean time of the watch, properly corrected, applied 
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to the Greenwich mean time obtained from the lunar distance observation, gave the 
longitude. 

The mathematics involved was tedious, and few mariners were capable of 
solving the triangle until Nathaniel Bowditch published his simplified method in 
1802 in The New American Practical Navigator. Chronometers were reliable by that 
time, but their high cost prevented their general use aboard the majority of naval 
and merchant ships. Using Bowditch’s method, however, most navigators, for the 
first time, could determine their longitude, and so eliminate the need for parallel 
sailing and the lost time associated with it. The popularity of the lunar distance 
method is indicated by the fact that tables for its solution were carried in the 
American Nautical Almanac until the second decade of the 20th century. 

The determination of latitude was considered a separate problem, usually 
solved by means of a meridian altitude or an observation of Polaris. 

The time sight. The theory of the time sight (art. 2106) had been known to 
mathematicians since the dawn of spherical trigonometry, but not until the chro- 
nometer was developed could it be used by mariners. 

The time sight made use of the modern navigational triangle. The codeclina- 
tion, or polar distance, of the body could be determined from the almanac. The 
zenith distance (coaltitude) was determined by observation. If the colatitude were 
known, three sides of the triangle were available. From these the meridian angle 
was computed. The comparison of this with the Greenwich hour angle from the 
almanac yielded the longitude.. 

The time sight was mathematically sound, but the navigator was not always 
aware that the longitude determined was only as accurate as the latitude, and 
together they merely formed a point on what is known today as a line of position. If 
the observed body was on the prime vertical, the line of position ran north and 
south and a small error in latitude generally had little effect on the longitude. But 
when the body was close to the meridian, a small error in latitude produced a large 
error in longitude. 

The line of position by celestial observation (art. 1703) was unknown until 
discovered in 1837 by 30-year-old Captain Thomas H. Sumner, a Harvard graduate 
and son of a United States Congressman from Massachusetts. The discovery of the 
“Sumner line,” as it is sometimes called, was considered by Maury “the commence- 
ment of a new era in practical navigation.” In Sumner’s own words, the discovery 
took place in this manner: 

“Having sailed from Charleston, S.C., 25th November, 1837, bound to Greenock, 
a series of heavy gales from the Westward promised a quick passage; after passing 
the Azores, the wind prevailed from the Southward, with thick weather; after 
passing Longitude 21° W., no observation was had until near the land; but sound- 
ings were had not far, as was supposed, from the edge of the Bank. The weather 
was now more boisterous, and very thick; and the wind still Southerly; arriving 
about midnight, 17th December, within 40 miles, by dead reckoning, of Tusker light; 
the wind hauled S.E,, true, making the Irish coast a lee shore; the ship was then 
kept close to the wind, and several tacks made to preserve her position as nearly as 
possible until daylight; when nothing being in sight, she was kept on E.N.E. under 
short sail, with heavy gales; at about 10 A.M. an altitude of the sun was observed, 
and the Chronometer time noted; but, having run so far without any observation, it 


was plain the Latitude by dead reckoning was liable to error, and could not be 
entirely relied on. 
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“Using, however, this Latitude, in finding the Longitude by Chronometer, it 
was found to put the ship 15’ of Longitude, E. from her position by dead reckoning; 
which in Latitude 52° N. is 9 nautical miles; this seemed to agree tolerably well 
with the dead reckoning; but feeling doubtful of the Latitude, the observation was 
tried with a Latitude 10’ further N., finding this placed the ship E.N.E. 27 nautical 
miles, of the former position, it was tried again with a Latitude 20’ N. of the dead 
reckoning; this also placed the ship still further E.N.E., and still 27 nautical miles 
further; these three positions were then seen to lie in the direction of Small’s light. 
It then at once appeared that the observed altitude must have happened at all the 
three points, and at Small’s light, and at the ship, at the same instant of time; and 
it followed, that Small’s light must bear E.N.E., if the Chronometer was right. 
Having been convinced of this truth, the ship was kept on her course, E.N.E., the 
wind being still S.E., and in less than an hour, Small’s light was made bearing 
E.N.E. % E., and close aboard.” 

In 1843 Sumner published his book, A New and Accurate Method of Finding a 
Ship’s Position at Sea by Projection on Mercator’s Chart, which met with great 
acclaim. In it he proposed that a single time sight be solved twice, as he had done 
(fig. 131), using latitudes somewhat greater and somewhat less than that arrived at 
by dead reckoning, and joining the two positions obtained to form the line of 
position. It is significant that Sumner was able to introduce this revolutionary 
principle without seriously upsetting the method by which mariners had been 
navigating for years. Perhaps he realized that a better method could be derived, but 
almost certainly navigators would not have accepted the line of position so readily 
had he recommended that they abandon altogether the familiar time sight. 

The Sumner method required the solution of two time sights to obtain each line 
of position. Many older navigators preferred not to draw the lines on their charts, 
but to fix their position mathematically by a method which Sumner had also 
devised and included in his book. This was a tedious procedure, but a popular one. 
Lecky recommended the method, and it was still in use early in the 20th century. 

The alternative to working two time sights in the Summer method was to 
determine the azimuth of the body and to draw a line perpendicular to it through 
the point obtained by working a single time sight. Several decades after the appear- 
ance of Sumner’s book, this method was made available to navigators through the 
publication of accurate azimuth tables, and the system was widely used until 
comparatively recent times. The 1943 edition of the American Practical Navigator 
included examples of its use. The 2-minute azimuth tables still found on many ships 
were designed principally for this purpose. The mathematical solution for azimuth 
was not at first a part of the time sight. 

132. Modern methods of celestial navigation—Sumner gave the mariner the 
line of position; St.-Hilaire the altitude difference or intercept method. Others who 
followed these men applied their principles to provide the navigator with rapid 
means for determining his position. The new navigational methods developed by 
these men, although based upon work done earlier, are largely a product of the 20th 
century. 

Four hundred years ago Pedro Nunes used a globe to obtain a fix by two 
altitudes of the sun, and the azimuth angles. Fifty years later Robert Hues deter- 
mined his latitude on a globe by using two observations and the time interval 
between them. G. W. Littlehales, of the U.S. Navy Hydrographic Office, advocated 
using a stereographic projection to obtain computed altitude and azimuth in his 
Altitude, Azimuth, and Geographical Position, published in 1906. 
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Ficure 131.—The first celestial line of position, obtained by Captain Thomas Sumner in 1837. 


Various graphic and mechanical methods have also been proposed. Of these, 
only one, the Star Altitude Curves of Captain P. V. H. Weems, USN (Ret.), has had 
wide usage, almost entirely among aviators. During World War II, some aircraft 
were fitted with a device called an “astrograph,” which projected star altitude 
curves from film upon a special plotting sheet. The curves could be moved to allow 
for the earth’s rotation. When they were properly oriented, part of the line of 
position could be traced on the plotting sheet. More generally, however, the naviga- 
tional triangle has been solved mathematically or by the use of tables. 

Spherical trigonometry is the basis for solving every navigational triangle, and 
until about 80 years ago the navigator had no choice but to completely solve each 
triangle himself. The cosine formula is a fundamental spherical trigonometry for- 
mula by which the navigational triangle can be conveniently solved. This formula 
was commonly used in lunar distance solutions when they were first introduced, 
but, because ambiguous results are obtained when the azimuth is close to 90° or 
270°, mathematicians turned to the haversine, which has the advantage of increas- 
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ing numerically from 0° to 180°. The cosine-haversine formula (art. 2109) was used 
by navigators until recent years. 

Toward the end of the 19th century the “short”? methods began to appear. 
About 1875, A. C. Johnson of the British Royal Navy published his book On Finding 
the Latitude and Longitude in Cloudy Weather. No plotting was involved in John- 
son’s method, but he made use of the principle that a single time sight be worked, 
rather than the two that Sumner proposed, and the line of position drawn through 
the point thus determined. 

In 1879 Percy L. H. Davis, of the British Nautical Almanac Office, and Captain 
J. E. Davis collaborated on a Sun’s True Bearing or Azimuth Table, which enabled 
the navigator to lay down a line of position using a computed azimuth. Chronometer 
Tables, published by Percy Davis 20 years later, covered latitudes up to 50° and 
gave local hour angle values for selected altitudes to 1 minute of arc. In 1905 his 
Requisite Tables were issued, enabling the mariner to “solve spherical triangles 
with three variable errors.”’ 

These were the first of a large number of “short’’ solutions which followed the 
work of Marcq St.-Hilaire. Generally, they consist of adaptations of the formulas of 
spherical trigonometry, and tables of logarithms in a convenient arrangement. It is 
customary for such methods to divide the navigational triangle into two right 
spherical triangles by dropping a perpendicular from one vertex to the side oppo- 
site. In some methods, partial solutions are made and the results tabulated. Aquino 
and Braga of Brazil; Ball, Comrie, Davis, and Smart of England; Bertin, Hugon, and 
Souillagouet of France; Fuss of Germany; Ogura and Yonemura of Japan; Black- 
burne of New Zealand; Pinto of Portugal: Garcia of Spain; and Ageton, Driesonstok, 
Gingrich, Rust, and Weems of the United States are but a few of those providing 
such solutions. Although “inspection tables” have largely superseded them, many of 
these “short” methods are still in use, kept alive largely by the compactness of their 
tables and the universality of their application. They are an intermediate step 
between the tedious earlier solutions and the fast tabulated ones, and they encour- 
aged the navigator to work to a practical precision. The earlier custom of working 
to a precision not justified by the accuracy of the information used created a false 
sense of security in the mind of some navigators, especially those of little experi- 
ence. 

A book of tabulated solutions, from which an answer can be extracted by 
inspection, is not a new idea. Lord Kelvin, generally considered the father of 
modern navigational methods, expressed interest in such a method. However, solu- 
tion of the many thousands of triangles involved would have made the project too 
costly if done by hand. Electronic computers have provided a practical means of 
preparing tables. In 1936 the first published volume of Pub. No. 214 was made 
available, and later Pub. No. 249 was provided for air navigators. British Admiralty 
editions of both these sets of tables have been published. Editions of Pub. No. 214 
have also been published by the Instituto Hidrographico de la Marina, Cadiz, Spain, 
and by the Istituto Idrografico della Marina, Genova, Italy. 


Electronics and Navigation 


133. Electricity.—Twenty-five hundred years ago Thales of Miletus commented 
on basic electrical phenomena, but more than two millenniums passed before men 
first approached an understanding of electricity and the uses to which it could be 


put. 
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Until about 1682 the only known method of creating electricity was by rubbing 
glass with silk or amber with wool. Then Otto von Guericke of Magdeburg invented 
an “electric machine” and made possible the creation of electricity for experimental 
work. The Leyden jar, the electrical ‘condenser (or machine) commonly used today, 
had its origin in 1745 when its principle was accidentally discovered independently 
by P. van Musschenbroek, of the University of Leyden, and von Kleist. 

Stephen Gray, about 1729, demonstrated the difference between conductors and 
nonconductors, or insulators, and 10 years later Hawkesbee and DuFay, working 
independently, each discovered the positive and negative qualities of electricity. 

In the middle of the 18th century Sir William Watson of England, developer of 
the Leyden jar in essentially its present form, sent electricity more than 2 miles by 
wire. Whether Watson was aware of the tremendous possibilities his experiment 
demonstrated is not known. Twenty-five years later, about 1774, Lesage devised 
what is believed to have been the first method of electrical communication. He had 
a separate wire for each letter of the alphabet and momentarily charged the 
appropriate wire to send each letter. 

A German scholar, Francis Aepinus (1728-1802), was the first to recognize the 
reciprocal relationship of electricity and magnetism. In 1837 Karl Gauss and Wil- 
helm Weber collaborated in inventing a reflecting galvanometer for use in tele- 
graphic work, which was the forerunner of the galvanometer at one time employed 
in submarine signaling. Michael Faraday (1791-1867), in a lifetime of experimental 
work, contributed most of what is known today in the field of electromagnetic 
induction. In 1864 James Clerk Maxwell of Edinburgh made public his electromag- 
netic theory of light. Many consider it the greatest single advancement in man’s 
knowledge of electricity. 

134. Electronics.—In 1887 Heinrich Hertz provided the proof of Maxwell’s 
theory by producing electromagnetic waves and showing that they could be reflect- 
ed. A decade later Joseph J. Thomson discovered the electron and so provided the 
basis for the development of the vacuum tube by Fleming and DeForest. In 1899 R. 
A. Fessenden pointed out that directional reception of radio signals was possible if a 
single coil or frame aerial was used as the receiving antenna. In 1895 Guglielmo 
Marconi transmitted a “wireless” message a distance of about 1 mile. By 1901 he 
was able to communicate between stations more than 2,000 miles apart. The follow- 
ing year Arthur Edwin Kennelly and Oliver Heaviside introduced the theory of an 
ionized layer in the atmosphere and its ability to reflect radio waves. Pulse ranging 
had its origin in 1925 when Gregory Breit and Merle A. Tuve used this principle to 
measure the height of the ionosphere. 

135. Application of electronics to navigation.—Perhaps the first application of 
electronics to navigation was the transmission of radio time signals (art. 1826) in 
1904, thus permitting the mariner to check his chronometer at sea. Telegraphic 
time signals had been sent since 1865, providing a means of checking the chronome- 
ter in various ports. 

Next, radio broadcasts providing navigational warnings, begun in 1907 by the 
U.S. Navy Hydrographic Office, helped increase the safety of navigation at sea. 

By the latter part of World War I the directional properties of a loop antenna 
were successfully utilized in the radio direction finder (art. 4101). The first radio- 
beacon was installed in 1921. 

Early 20th century experiments by Behm and Langevin led to the development, 
by the U.S. Navy, of the first practical echo sounder (art. 619) in 1922. 
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As early as 1904, Christian Hulsmeyer, a German engineer, obtained patents in 
several countries on a proposed method of utilizing the reflection of radio waves as 
an obstacle detector and a navigational aid to ships. Apparently, the device was 
never constructed. In 1922 Marconi said, “It seems to me that it should be possible 
to design apparatus by means of which a ship could radiate or project a divergent 
beam of these rays (electromagnetic waves) in any desired direction, which rays if 
coming across a metallic object, such as another ship, would be reflected back to a 
receiver screened from the local transmitter on the sending ship, and thereby 
immediately reveal the presence and bearing of the other ship in fog or thick 
weather.” 

In the same year of 1922 two scientists, Dr. A. Hoyt Taylor and Leo C. Young, 
testing a communication system at the Naval Aircraft Radio Laboratory at Anacos- 
tia, D.C., noted fluctuations in the signals when ships passed between stations on 
opposite sides of the Potomac River. Although the potential value of the discovery 
was recognized, work on its exploitation did not begin until March 1934, when 
Young suggested to Dr. Robert M. Page, an assistant, that this might bear further 
investigation. By December, Page had constructed a pulse-signal device that deter- 
mined the positions of aircraft. This was the first radar (art. 4201). In the spring of 
1935 the British, unaware of American efforts, began work in this field, and 
developed radar independently. In 1937 the USS Leary tested the first seagoing 
radar. In 1940 United States and British scientists combined their efforts, resulting 
in more rapid progress. The British revealed the principle of the multicavity mag- 
netron developed by J. T. Randall and H. A. H. Boot at the University of Birming- 
ham in 1939. This magnetron made microwave radar practical. Probably no scientif- 
ic or industrial development in history expanded so rapidly in all phases—research, 
development, design, production, trials, and training—and on such a scale. In 1945, 
at the close of hostilities of World War II, radar was made available for commercial 
use. 

136. Development of hyperbolic radio aids.——The work on television and 
cosmic-ray counting devices in the decade prior to World War II provided the 
electronic techniques needed for the practical development of radio aids to naviga- 
tion based upon the time of transmission of radio signals. Because the frequency 
stability of oscillators used in those early days was very poor—about a million times 
less than is available in 1984—it was obvious that only the difference in transmis- 
sion times of two or more signals from different places could be measured. But this 
quantity would become useful only if the various signals could be kept in close 
synchronism by some control mechanism. Using this method, with the assumption 
of a constant velocity of propagation, it was clear that two signals would define a 
family of hyperbolic lines of position having the transmitting antennas as foci, and 
signals from either three or four different stations would establish a position fix. 

It was also obvious, since the velocity of light is about 300 meters or nearly 
1000 feet per microsecond, that time-difference measurements would have to be 
made within a very few microseconds if positional accuracy comparable to other 
methods of navigation were to be achieved. This precision generally exceeded that 
attained in ionospheric pulse-sounding techniques available at the time, but not by 
a very substantial margin. The only potentially difficult problem was the irregular 
variations of transmission times of most radio signals. These variations could be 
reduced or practically eliminated only by operating at very high frequencies where 
line-of-sight transmission could be achieved without interference from waves reflect- 
ed from the ionosphere. It was natural, therefore, that the first operational hyper- 
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bolic radio aid was arranged to use these principles in the very high frequency part 
of the radio spectrum. 

This first aid to navigation of the new kind was the British Gee system, 
proposed by Robert J. Dippy in 1937 and brought into operation by a team headed 
by Dippy in early 1942. This system was designed in accordance with the principles 
given above. Gee operated with a pulse length of about 5 microseconds at frequen- 
cies from 80 to 80 megahertz with separations between transmitters of the order of 
100 miles. For high-flying aircraft the system could be used at distances up to 350 
or 400 miles. Even though it was heavily jammed over western Europe, Gee was of 
the greatest importance to the night flying of the Bomber Command of the Royal 
Air Force, as it made return to bases in the British Isles relatively easy and 
accurate even under very poor flying conditions. 

In 1940 the Microwave Committee of the U.S. National Defense Research 
Committee was assigned a project to develop a long-range, precision aircraft naviga- 
tion system. Operational specifications for the system included an accuracy of about 
1,000 feet at a range of 200 miles. To meet these requirements it was planned to use 
synchronized pairs of pulse-type transmitting stations separated by distances of 
several hundred miles. Transmitters radiating a peak power of about 1% 
megawatts in the 30 to 40 megahertz band were contemplated. Except for instru- 
mentation, the system would have been very similar to Gee. 

The original system concepts used groundwave signals only. However during 
the course of system developments, measurements were made of the timing stability 
of pulsed radio waves having frequencies of from about 2 to 8 megahertz received 
via reflections from the ionosphere. Contrary to what was generally believed at the 
time, the stability of the signal reflected from the E-layer of the ionosphere was 
found to be quite good. Computations based on these measurements indicated that a 
long-range system using a combination of groundwaves and skywaves would provide 
a fixed accuracy of better than 5 miles at a range of 1,500 miles. The possibilities of 
a navigational system with this range and accuracy were so great that the original 
concept was abandoned and all efforts were concentrated toward this new goal. The 
revised project was assigned to the Radiation Laboratory of the Massachusetts 
Institute of Technology in the summer of 1941. Experimental transmitting stations 
were located at U.S. Coast Guard facilities near Montauk Point, New York, and 
Fenwick Island, Delaware. 

In January 1942 the first skywave accuracy tests were made; a radio-frequency 
band was selected. Trials in moving vehicles were undertaken in J une. By October 
1942 a four-station chain was inaugurated for extended field trials by the USS. 
Navy. About 40 receiver-indicators were installed in naval vessels during the next 4 
or 5 months. Data were rapidly taken that defined the necessary skywave correc- 
tion to reduce nighttime E-layer signals to the equivalent groundwave readings 
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station was moved to Nantucket Island. Installations in the Aleutians and the 
South Pacific soon followed. 

This first version of Loran which operated on channels in the 1800 to 2000 
kilohertz band was originally called Standard Loran to distinguish it from other 
experimental versions then being evaluated. Standard Loran later became known 
as Loran-A. 

The most successful variation of Standard Loran during World War II was 
known as Skywave Synchronized (SS) Loran. This SS Loran operated at 2 mega- 
hertz, but, as its name implies, the stations maintained synchronization by using 
skywaves rather than the groundwave. This system was usable only during night- 
time because of radio propagation conditions. SS Loran was first tested on the night 
of April 10, 1943, between Fenwick Island, Delaware, and Bonavista, Newfoundland, 
1,100 miles away. Observations at the Radiation Laboratory, Cambridge, Massachu- 
setts, revealed a line of position probable error of about 0.5 mile. This demonstrated 
the important fact that the errors of a few microseconds in the skywave transmis- 
sion would not prevent position fixing to a useful accuracy when a sufficiently long 
baseline could be used. By the fall of 1943 two SS Loran pairs were in operation 
with transmitting stations at East Brewster, Massachusetts, Gooseberry Falls, Mon- 
tana, Montauk Point, New York, and Key West, Florida. Extensive evaluation 
flights by U.S. and Allied Forces revealed an average position-fixing error of 1 to 2 
miles. 

In the early spring of 1944, the four SS Loran stations in the U.S. were 
dismantled, and the equipment was installed in Europe and North Africa. Stations 
were located in Scotland, Tunisia, Algeria, and Libya. This ‘system became oper- 
ational in October 1944 and was used extensively for night bombing operations. The 
combination of very long baselines (approximately 950 miles) and favorable baseline 
orientation provided nighttime service over a large part of Europe with an accuracy 
of 1 to 2 miles. SS Loran systems were also operated successfully in Southeast Asia. 
Lack of daytime coverage was the major limitation of SS Loran. 

Skywave Long Baseline Loran was tested by the U.S. Coast Guard shortly 
after World War II. This system was similar to SS Loran but operated at 10.585 
megahertz during the day and at 2 megahertz during the night for synchronization 
purposes. In order to provide normal 2 megahertz service, transmitters were operat- 
ed at 2 megahertz during the day as well as at night, being controlled by the 
synchronization on 10.585 megahertz in daytime. 

Preliminary tests were conducted between Chatham, Massachusetts, and Fer- 
nandina, Florida, in May 1944. These tests were followed by additional tests be- 
tween Hobe Sound, Florida, and Point Chinato, Puerto Rico, in December 1945 and 
January 1946. Results of these tests demonstrated the basic concepts to be sound, 
but the difficulty in obtaining a suitable frequency allocation ended development. 

It was recognized early that a low frequency Loran system would provide 
improved accuracy and greatly extended navigational coverage during the day and 
night with fewer transmitting stations. The first experimental low frequency Loran 
system, operating at 180 kilohertz and called LF Loran, was placed in operation in 
1945 with transmitting stations at Cape Cod, Massachusetts, Cape Fear, North 
Carolina, and Key Largo, Florida. Monitor stations for overwater observations were 
installed at Bermuda, the Azores, Puerto Rico, and Trinidad. Overland signals were 
observed at monitor stations in Ohio, Minnesota, and aboard specially equipped 
aircraft. 
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The LF Loran system was basically an extension of the techniques of 2 mega- 
hertz Loran to the lower frequency. However, the LF stations operated in synchro- 
nized triplets instead of pairs, and the individual radio-frequency cycles of the 
master and slave pulses were displayed on the user’s receiver-indicator. The receiv- 
ers were designed to provide for visual matching of pulse and cycles. A rough match 
was made first using the envelopes of the two pulses, as in standard Loran, and 
then a fine measurement was made by matching selected radio-frequency cycles 
within each pulse. 

In 1946 all equipment installed in the experimental east coast LF Loran system 
was transferred to northwest Canada where it served the requirements of special 
Arctic maneuvers in the area. Upon completion of the maneuvers, a joint Canadian- 
United States project was initiated to evaluate the system. Nine fixed-monitor 
stations and a number of specially equipped aircraft were placed in operation and 
comprehensive tests were made over a period of months. These operational tests, 
together with results of the east coast tests, showed that the LF Loran system could 
operate with substantially longer baselines than was feasible with the 2 megahertz 
system and that a 24-hour service coverage over land would be of the order of two- 
thirds of that of sea water as opposed to the almost negligible overland coverage 
provided by 2 megahertz Loran. The accuracy achieved was equivalent to an aver- 
age line of position error of 160 feet at 750 miles. Beyond 750 miles, accuracy 
deteriorated rapidly due to skywave interference. 

However, operators found that they could not select the correct pair of cycles 
more than 75 percent of the time without prior knowledge of the correct pulse 
envelope delay. The resulting positional ambiguities were operationally unaccept- 
able; the system was judged unsatisfactory for general purpose navigation. Work 
was begun in 1946 on the development of cycle-identification and phase-measuring 
techniques to correct these positional ambiguities. This work by government and 
industry culminated in the field tests of a low frequency, cycle matching Loran 
system called Cyclan. This name was derived from Cycle matching Loran. 

Cyclan was the first fully automatic Loran system. The cyclic ambiguity prob- 
lem was solved through the use of pulse transmissions on two frequencies 20 
kilohertz apart. At first 180 and 200 kilohertz were used, followed by operation on 
160 and 180 kilohertz. Slope matching on the first 50 microseconds of the pulse was 
followed by cycle matching within the pulse envelope for precise determination of 
arrival time-differences. Incorrect cycle matching at one frequency was readily 
apparent by an obvious mismatch at the second frequency utilized. Cyclan coverage 
was limited to the groundwave region and, depending on local noise, gave a range of 


kilohertz bandwidth) for the development of long range navigational systems; 
Cyclan required a total bandwidth of approximately 40 kilohertz. 

Navaglobe was an early system investigated as a potential low frequency 
system operating within the 90 to 110 kilohertz band. Work on this system started 
in 1945. The directional characteristics were obtained from a configuration of three 


were excited alternately in pairs so that three overlapping figure-eight patterns 
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were obtained. Measurement of the relative amplitudes of the received signals 
determined the navigator’s bearing from the transmitting station. Cross bearings 
were required to establish position. To obtain range information, parallel develop- 
ment of a distance measuring system called Facom was carried out. This system 
also operated in the 90 to 110 kilohertz band. Coarse distance data were developed 
by comparing the phase of a low frequency modulating tone on a local oscillator 
with the phase of a similar tone on the continuous wave signal from the Facom 
ground station. Fine distance measurements were made on the radio frequency 
cycles in the carrier. 

Navarho, the combined Navaglobe-Facom system, was extensively evaluated 
during 1957. The project was discontinued because the overall system performance 
was unsatisfactory. 

Navarho was the first system to attempt the distance-difference measurement 
from observation of the change of phase of the received signal relative to a very 
stable, locally generated reference signal of the same frequency. To obtain useful 
navigational accuracy the frequencies of the transmitted signals and of the receiv- 
er’s reference signals had to be synchronized with an accuracy of a part in a billion 
or better. One of the first commercial cesium beam frequency standards was used to 
control the frequency of the signals radiated from three towers at Camden, New 
York. Although the airborne crystal oscillators were awkward to operate, requiring 
close attention to attain the necessary stability, the results of numerous flights out 
to ranges of 2,000 miles demonstrated acceptable range and accuracy in the dis- 
tance measurement; the bearing measurements at long range, however, were rela- 
tively poor. 

In 1952 work began under government contract on a long range, automatic, 
ground-reference tactical bombing system known as Cytac. A pulsed, hyperbolic 
navigation system operating in the 90 to 110 kilohertz band was an integral part of 
the Cytac system. Equipment development was completed in 1955, and three trans- 
mitting stations were constructed at Forestport, New York; Carolina Beach, North 
Carolina; and Carrabelle, Florida. Tests with the navigational component of the 
system throughout 1956 showed that automatic instrumentation could solve the 
radio frequency cycle identification problem and could measure time-difference in a 
hyperbolic system with an average error of a few tenths of a microsecond. The 
coverage area extended from the Atlantic Ocean to the Mississippi River, and from 
the Great Lakes to the Gulf of Mexico. Monitor stations installed at widely separat- 
ed locations collected data during a year of testing. The results of the tests demon- 
strated that the system was not only capable of a high degree of precision but also 
that the laws controlling its accuracy were sufficiently well known to permit sound 
predictions of accuracy prior to installation. For operational reasons, the Cytac 
concept was abandoned. Its use as a navigational aid was immediately apparent. 

In 1957 an operational requirement for a highly accurate long range maritime 
radionavigation aid was developed. The stated accuracy and range requirements 
were considerably in excess of the capabilities of existing Loran-A equipment. On 
the basis of the results of the Cytac tests, it was believed that this requirement 
could be satisfied by implementing the Cytac concepts as well as some of the Cytac 
equipment. Consequently, equipment from stations at Forestport, New York, and 
Carrabelle, Florida, was transferred to Martha’s Vineyard, Massachusetts, and Ju- 
piter, Florida, respectively. These stations operating in conjunction with the exist- 
ing station at Carolina Beach, North Carolina, were placed in operation in LOD. 
The U. S. Coast Guard in accordance with the U. S. Federal Laws assumed responsi- 
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bility for operation of the stations in August 1958. Comprehensive tests by both 
ships and aircraft showed that the original concepts were sound. The new system, 
designated Loran-C, was at that time placed in operational status. 

Following the closing of the Radiation Laboratory at the Massachusetts Insti- 
tute of Technology, a small group of the scientists moved to the Cruft Laboratory of 
Harvard University, intending to apply some of the new techniques the war had 
brought forward to various investigations of radio wave propagation. A theoretical 
study was made of the stability of the phase of a modulated signal that might be 
expected under the conditions of interference between modes of propagation in long- 
distance ionospheric transmission. This study indicated that a relatively long-period 
modulation might be measureable with nearly the accuracy that had been achieved 
in the LF Loran trials. Refinement of this concept led to the proposal in 1947 of a 
system called Radux. 

This new system was to be very similar to LF Loran, except that the arrival 
times would be measured in terms of the phase of 200 hertz modulation instead of 
the time of a pulse having a duration of about 300 microseconds. Because a 200 
hertz modulation could be radiated from a good low frequency antenna at a fre- 
quency as low as 40 or 50 kilohertz, it was hoped that a 1,000-mile baseline could be 
used and that useful service could be provided as far as 3,000 miles. However, little 
was known about propagational characteristics in this frequency region. 

After 2 to 3 years of study of the proposal, the U. S. Navy assigned the Navy 
Electronics Laboratory (NEL) the task of making the necessary tests to develop 
Radux as an aid to navigation. With the advice of an informal steering committee, 
representing several naval technical bureaus and laboratories and commercial con- 
tractors, NEL proceeded to build and install transmitters where suitable antennas 
could be found, initially in Hawaii and San Diego, and to procure and operate 
receivers. This work occupied nearly the entire decade of the 1950’s. The results 
were very much like those of the work of the Radiation Laboratory on LF Loran; 
the range and accuracy were less than desired. 

Going back to 19538, Dr. Louis Essen of the National Physical Laboratory (NPL) 
in Teddington, England, who had designed by far the best crystal oscillator then 
available (the Essen ring) and who was developing the first practical cesium fre- 
quency standard, visited Harvard University. He called attention to the fact that 
the British Post Office transmitter at Rugby had begun transmitting a standard 
frequency of 60 kilohertz. This transmission was made for only 1 hour per day, but 
it was derived from an Essen ring oscillator and the frequency was accurately 
monitored by both the Post Office and NPL. The group at Harvard University 
immediately began observing this transmission, and made the pleasing discovery 
that the frequency could be measured to a part in 10'° during the 1-hour transmis- 
sion. This accuracy exceeded by a factor of 102 to 10° that available through high- 
frequency transmission of standard frequencies. This link from Rugby to Cam- 
bridge, Massachusetts became for a time the primary intercomparison mechanism 
between the British and American systems of standard time, which differed greatly 
in those days. The first international intercomparison of cesium-controlled clocks 
was made in the same way. 

The Rugby (GBR) frequency was stabilized in 1954. This started an era in which 
the frequencies of most VLF transmissions have been stabilized so that they can be 
used for frequency intercomparisons and for new kinds of propagational research. It 
was soon found that daily measurement yielded an accuracy of about 2 parts in 10” 
in frequency, even at distances of thousands of miles. 
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The Radux work was being done under conditions of military classification. 
These new VLF discoveries were therefore published only through their bearing on 
frequency comparison. In April, 1955, however, a letter report to the Office of Naval 
Research and verbal and other communications with the Naval Laboratories recom- 
mended extension of the navigational efforts to the very low frequencies; in particu- 
lar to those below 14 kilohertz, where circuit bandwidths are so low that the 
frequencies are not of general interest for communication. 

It had been found that the accuracy of Radux, while inadequate to resolve 
cyclic ambiguities at 40 kilohertz (periods of 25 microseconds), would resolve the 
four times larger phase ambiguities at a frequency of 10 kilohertz. A composite 
system was therefore proposed which could operate as Radux, probably at 40 
kilohertz, while coherent bursts of 10 kilohertz carrier, radiated from the same 
antenna at different times, would permit measurements of much greater precision 
but with 8-mile ambiguities resolvable, at least in theory, by measurements of the 
200 hertz modulation of Radux. This composite system was called Radux-Omega, 
and was investigated for a few years. It rapidly became obvious that this marriage 
was an unfortunate one, because the useful range of the 10 kilohertz component 
greatly exceeded that of Radux, while the relatively short baselines of Radux 
spoiled the geometrical accuracy of the Omega (10 kilohertz) component at long 
distances, and kept the ultimate accuracy far less than it might otherwise be. 

One of the primary reasons for the suggestion of such a low modulation 
frequency as 200 hertz was to guard against the cyclic ambiguities that are a 
feature of any phase measuring system. When measuring at 200 hertz in a hyper- 
bolic system, any possible ambiguities would be separated by 400 miles or more and 
could be disregarded as an operational problem. 

During the decade beginning in 1950, forces were at work that made the design 
of Radux less attractive than it had seemed in 1947. The most obvious change was a 
general increase in the desired accuracy of a navigational aid. When Loran was 
developed the only standard of excellence in the deep-water environment was 
celestial navigation, with perhaps 3 nautical miles as a typical error. Loran, espe- 
cially Loran-C and a number of short-distance aids, gave navigators a desire for 
higher accuracy. Two other factors became important: (1) a general improvement in 
dead reckoning, including the inertial systems, and (2) a very great increase in the 
reliability of electronic devices. The first of these made the recovery of a lost cycle 
count much more probable, while the second made the loss of a count itself a 
relatively unlikely event. 

The overall result of these external forces was to reduce by a large factor the 
fear of lane ambiguity. It therefore became possible to think of satisfying the need 
for accuracy beyond that of Radux by using a much more ambiguous system, with 
real hope that the possibility of ambiguities would not become a serious operational 
defect. 

These considerations gradually led to the abandoning of Radux, leaving Omega 
to stand by itself. During the hybrid period, enough data had been taken to confirm 
the phenomenal range available at VLF, with timing errors that did not increase 
markedly with increasing distance. It was also realized that long baselines are 
especially effective on a spherical earth. For example, with a baseline subtending 60 
degrees of arc the divergence of the hyperbolic lines of position is limited to a factor 
of 2, instead of increasing infinitely as it does with a baseline negligibly long in 
comparison with the curvature of the earth. And, of course, if a pair can link the 
opposite ends of a diameter of the earth there is no divergence at all, and a 


56 HISTORY OF NAVIGATION 


measurement accuracy of 12 microseconds in time-difference corresponds to a posi- 
tional accuracy of a nautical mile, anywhere on earth. 

The Omega experiments began with the pair linking Hawaii and California, 
operating at first at 12.5 kilohertz, although experiments were rapidly extended 
throughout the 9 to 15 kilohertz region, and even higher at times. One of the 
earliest experiments gave an exciting and convincing demonstration of the merits of 
VLF cycle matching. Commander Lyle C. Read, USN, who was the Radux Program 
Officer at the Navy Electronics Laboratory, was traversing the baseline with an 
early Omega receiver on a naval vessel, essentially counting the number of wave- 
lengths between Hawaii and California as a check on the then somewhat nebulous 
ideas about phase velocity at very low frequencies. Fortunately, the ship got a little 
ahead of schedule and Commander Read was able to induce the captain to make a 
standard 360° turn midway in the passage. Although only a single pair was being 
tracked, the double amplitude of the sinusoidal variation on the phase record gave 
the diameter of the ship’s turning circle within 50 yards. 

This and many other demonstrations of the sensitivity of the Omega technique 
accelerated the decision to concentrate on VLF because of its range and potential 
accuracy, and to accept the best that could be done to solve the ambiguity problem. 

From this point, the work went rapidly for a time. A station in the Panama 
Canal Zone was borrowed from Naval Communications, and one in Wales from the 
British Post Office. With these, and San Diego and Hawaii, the network was large 
enough to permit monitoring from Alaska to South America and from Hawaii to 
Europe. Early ideas of the velocity of propagation and of its variation with time of 
day were refined (a process that is still being carried forward) and innumerable 
trials and demonstrations were conducted. 

By 1966 Omega signals were being transmitted on a regular basis from stations 
located in New York, Hawaii, Trinidad, and Norway. But since these stations 
utilized existing facilities and developmental equipment, none of these stations was 
capable of transmitting the power required for an operational system. However, 
signals were being transmitted full time from a four station complex providing the 
vital ingredients necessary to further system development. 

By 1976 seven of the eight stations of the fully implemented system were in 
normal operation. The developmental station at Trinidad remained in operation 
pending implementation of the South Pacific station. 

Other developments include Decca (art. 4344), a short to medium range hyper- 
bolic system, which was first used under the code name “QM” during the landings 
in Normandy in 1944. Another World War II development was the rotating elec- 
tronic beam utilized in the German navigation system called sonne, later further 
perfected by the British under the name Consol (art. 4354). 

In the late 1950’s the Decca Navigator Company Ltd., developed an experimen- 
tal VLF radionavigation system known as Delrac, a name derived from Decca long- 
range area coverage. In principle, this system was similar to Omega. 

137. Development of satellite navigation.—The Navy Navigation Satellite 
System (NAVSAT) was developed within the Navy to fulfill a requirement estab- 
lished by the Chief of Naval Operations for an accurate worldwide navigation 
system for all naval surface vessels, aircraft, and submarines. The system was 
conceived and developed by the Applied Physics Laboratory of The Johns Hopkins 
University under Navy contract. 

The underlying concept that led to development of the system dates back to 
1957 and the first launch of an artificial satellite into orbit—Russia’s Sputnik I. Dr. 
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William H. Guier and Dr. George C. Wieffenbach at the Applied Physics Laboratory 
of the Johns Hopkins University were monitoring the famous “beeps” transmitted 
by the passing satellite. They plotted the received signals at precise intervals, and 
noticed that a characteristic doppler curve emerged. Since celestial bodies followed 
fixed orbits, they reasoned that this curve could be used to describe the satellite 
orbit. Later, they demonstrated that they could determine all of the orbital param- 
eters for a passing satellite by doppler observation of a single pass from a single 
fixed station. The doppler shift apparent while receiving a transmission from a 
passing satellite was proven to be an effective measuring device for establishing the 
satellite orbit. 

Dr. Frank T. McClure, also of the Applied Physics Laboratory concluded in- 
versely that if the satellite-orbit were known, doppler shift measurement could be 
used to determine one’s position on earth—thereby suggesting a new method for 
navigation—a more precise method than any yet known, available anywhere on 
earth without regard for weather conditions. His studies earned for him the first 
National Aeronautics and Space Administration award for important contributions 
to space study development. 

In 1958, on the strength of Dr. McClure’s studies, the Applied Physics Laborato- 
ry proposed to the Bureau of Naval Weapons that possibilities be explored for 
establishing a satellite doppler navigation system. The Chief of Naval Operations 
set forth requirements for such a system to provide accurate all-weather worldwide 
navigation, recommending to the Advanced Research Projects Agency that funds be 
made available for the purpose. Although this was only one of a number of propos- 
als to utilize satellites for navigation, it was accepted, and, until 1960, all work on 
the system was performed by the Navy with that Agency’s backing. An experimen- 
tal satellite that failed to achieve orbit in September 1959 indicated the feasibility 
of tracking by doppler; the first successful launching of a prototype system satellite 
in April 1960 demonstrated its operational usefulness for navigation. 

138. Development of inertial navigation.—The first inertial navigation system 
was developed in 1942 for use in the V-2 missile by the Peenemunde group under 
the leadership of Dr. Wernher von Braun. This system used two 2-degree-of-freedom 
gyroscopes and an integrating accelerometer to determine the missile velocity. By 
the end of World War II, the Peenemunde group had developed a stable platform 
with three single-degree-of-freedom gyroscopes and an integrating accelerometer. 

Following World War II inertial navigation development in the United States 
was conducted by four groups, one sponsored by the Army and three by the Air 
Force. The Army group included the Peenemunde group under Dr. Wernher von 
Braun. This group later became the inertial group for the National Aeronautics and 
Space Administration. The Air Force-sponsored groups were Northrup Aircraft, 
Autonetics Division of North American Aviation, and the Massachusetts Institute of 
Technology Instrumentation Laboratory, which was later to become The Charles 
Stark Draper Laboratory. 

At first the systems developed for the Air Force were combinations of stellar 
and inertial systems. As the state-of-the-art improved, purely inertial systems were 
designed. During this development the principal proponent of purely inertial sys- 
tems was Dr. Charles Stark Draper of the Massachusetts Institute of Technology. 

The Autonetics Division of North American Aviation ingeniously adapted one 
of its systems for shipboard use. In 1958 this system was used to navigate the USS 
Nautilus under the ice to the North Pole. 
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The development of purely inertial systems for air and marine applications 
proceeded along parallel lines. Missile and space applications followed. 

The development of the Ship Inertial Navigation System (SINS) began in 1951 
and was completed in 1954. The initial system test on the highway provided realis- 
tic operating conditions under close monitoring and control. The results of the 
shipboard test of SINS in 1955 indicated that it provided what was needed for the 
fleet ballistic missile submarine. 


Conclusion 


139. Navigation has come a long way, but there is no evidence that it is nearing 
the end of its development. Progress will continue as long as man remains unsatis- 
fied with the means at his disposal. 
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CHAPTER II 


BASIC DEFINITIONS 


201. Navigation is the process of directing the movements of a craft, expedi- 
tiously and safely, from one point to another. The word navigate is from the Latin 
navigatus, the past participle of the verb navigere, which is derived from the words 
navis, meaning “ship,” and agere, meaning “to move” or “to direct.” Navigation of 
water craft is called marine navigation to distinguish it from navigation of aircraft, 
called air navigation. Navigation of a vessel on the surface is sometimes called 
surface navigation to distinguish it from underwater navigation of a submerged 
vessel. Navigation of vehicles across land or ice is called land navigation. The 
expression lifeboat navigation is used to refer to navigation of lifeboats or life rafts, 
generally involving rather crude methods. The expression polar navigation refers to 
navigation in the regions near the geographical poles of the earth, where special 
techniques are employed. 

The principal divisions of navigation are as follows: 

Dead reckoning is the determination of position by advancing a known position 
for courses and distances. A position so determined is called a dead reckoning 
position. It is generally accepted that the course steered and the speed through the 
water should be used, but the expression is also used to refer to the determination 
of position by use of the course and speed expected to be made good over the 
ground, thus making an estimated allowance for disturbing elements such as cur- 
rent and wind. A position so determined is better called an estimated position. The 
expression “dead reckoning” probably originated from use of the Dutchman’s log a 
buoyant object thrown overboard, to determine the speed of the vessel relative to 
the object, which was assumed to be dead in the water. Apparently, the expression 
deduced reckoning was used when allowance was made for current and wind. It 
was often shortened to ded reckoning and the similarity of this expression to dead 
reckoning was undoubtedly the source of the confusion that is still associated with 
these expressions. 

Piloting (or pilotage) is navigation involving frequent or continuous determina- 
tion of position or a line of position relative to geographic points, and usually 
requiring need for close attention to the vessel’s draft with respect to the depth of 
water. It is practiced in the vicinity of land, dangers, etc., and requires good 
judgment and almost constant attention and alertness on the part of the navigator. 
Celestial navigation is navigation using information obtained from celestial bodies. 

Radionavigation is navigation using radio waves for determination of position 
or of a line of position. Radar navigation and satellite navigation are parts of the 
radionavigation division. Radar navigation involves the use of radio waves, usually 
in the centimeter band, to determine the distance and direction of an object reflect- 
ing the waves to the sender. Satellite navigation involves the use of artificial earth 
satellites for determination of position. 

The term electronic navigation is used to refer to navigation involving the use 
of electronics in any way. Thus, the term includes the use of the gyrocompass for 
steering and the echo sounder when piloting. Because of the wide use of electronics 
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in navigation equipment, the term electronic navigation has limited value as a term 
for a division of navigation. 

Electronics is the science and technology relating to the emission, flow, and 
effects of electrons in a vacuum or through a semiconductor, and to systems using 
devices in which this action takes place. 

202. The earth is approximately an oblate spheroid (a sphere flattened at the 
poles). Approximations of its dimensions and the amount of flattening are given in 
appendix D. However, for many navigational purposes, the earth is assumed to be a 
sphere, without intolerable error. 

The axis of rotation or polar axis of the earth is the line connecting the North 
Pole and the South Pole. 

203. Circles of the earth.—A great circle is the line of intersection of a sphere 
and a plane through the center of the sphere (fig. 203a). This is the largest circle 
that can be drawn on a sphere. The shortest line on the surface of a sphere between 
two points on that surface is part of a great circle. On the spheroidal earth the 
shortest line is called a geodesic. A great circle is a near enough approximation to a 
geodesic for most problems of navigation. 

A small circle is the line of intersection of a sphere and a plane which does not 
pass through the center of the sphere (fig. 203a). 


Center 


of sphere 


Uj 


Ficure 208a.—Great and small circles. 


A meridian is a great circle through the geographical poles of the earth. Hence 
all meridians meet at the poles, and their planes intersect each other in a line ifs 
polar axis (fig. 203b). The term meridian is usually applied to the upper branch 
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only, that half from pole to pole which passes through a given point. The other half 
is called the lower branch. 

The prime meridian is that meridian used as the origin for measurement of 
longitude (fig. 208c). The prime meridian used almost universally is that through 
the original position of the British Royal Observatory at Greenwich, near London. 


Figure 203b.—The planes of the meridians meet FicurE 203c.—Circles and coordinates of the earth. 
at the polar axis. All parallels except the equator are small cir- 
cles; the equator and meridians are great circles. 


The equator is the terrestrial great circle whose plane is perpendicular to the 
polar axis (fig. 203d). It is midway between the poles. 

A parallel or parallel of latitude is a circle on the surface of the earth, parallel 
to the plane of the equator (fig. 203e). It connects all points of equal latitude. The 
equator, a great circle, is a limiting case connecting points of 0° latitude. The poles, 
single points at latitude 90°, are the other limiting case. All other parallels are 
small circles. 

204. Position on the earth.—A position on the surface of the earth (except at 
either of the poles) may be defined by two magnitudes called coordinates. Those 
customarily used are latitude and longitude. A position may also be expressed in 
relation to known geographical positions. 

Latitude (L, lat.) is angular distance from the equator, measured northward or 
southward along a meridian from 0° at the equator to 90° at the poles (fig. 203c). It 
is designated north (N) or south (S) to indicate the direction of measurement. 

The difference of latitude (J, D. Lat.) between two places is the angular length 
of arc of any meridian between their parallels (fig. 208c). It is the numerical 
difference of the latitudes if the places are on the same side of the equator, and the 
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FiGuRE 203e.—A parallel of latitude is parallel to the equator. 


sum if they are on opposite sides. It may be designated north (N) or south (S) when 
appropriate. 

The middle or mid latitude (Lm) between two places on the same side of the 
equator is half the sum of their latitudes. Mid latitude is labeled N or § to indicate 
whether it is north or south of the equator. The expression is occasionally used with 
reference to two places on opposite sides of the equator, when it is equal to half the 
difference between the two latitudes, and takes the name of the place farthest from 
the equator. However, this usage is misleading, as it lacks the significance usually 
associated with the expression. When the places are on opposite sides of the equa- 
tor, two mid latitudes are generally used, the average of each latitude and 0°. 

Longitude (A, long.) is the arc of a parallel or the angle at the pole between the 
prime meridian and the meridian of a point on the earth, measured eastward or 
westward from the prime meridian through 180° (fig. 203c). It is designated east (E) 
or west (W) to indicate the direction of measurement. 
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The difference of longitude (DLo) between two places is the shorter arc of the 
parallel or the smaller angle at the pole between the meridians of the two places 
(fig. 203c). If both places are on the same side (east or west) of Greenwich, DLo is 
the numerical difference of the longitudes of the two places; if on opposite sides, 
DLo is the numerical sum unless this exceeds 180°, when it is 860° minus the sum. 
The distance between two meridians at any parallel of latitude, expressed in dis- 
tance units, usually nautical miles, is called departure (p, Dep.). It represents 
distance made good to the east or west as a craft proceeds from one point to 
another. Its numerical value between any two meridians decreases with increased 
latitude, while DLo is numerically the same at any latitude. Either DLo or p may 
be designated east (E) or west (W) when appropriate. 

205. Distance on the earth.—Distance (D, Dist.) is the spatial separation of two 
points, and is expressed as the length of a line joining them. On the surface of the 
earth it is usually stated in miles. Navigators customarily use the nautical mile 
(mi., M) of 1,852 meters exactly. This is the value suggested by the International 
Hydrographic Bureau in 1929, and since adopted by most maritime nations. It is 
often called the International Nautical Mile to distinguish it from slightly different 
values used by some countries. On July 1, 1959, the United States adopted the exact 
relationship of 1 yard=0.9144 meter. The length of the International Nautical Mile 
is consequently equal to 6,076.11549 feet (approximately). 

For most navigational purposes the nautical mile is considered the length of 1 
minute of latitude, or of any great circle of the earth, regardless of location. On the 
Clarke spheroid of 1866, used for mapping North America, the length of 1 minute of 
latitude varies from about 6,046 feet at the equator to approximately 6,108 feet at 
the poles. The length of 1 minute of a great circle of a sphere having an area equal 
to that of the earth, as represented by this spheroid, is 6,080.2 United States feet. 
This was the standard value of the nautical mile in the United States prior to 
adoption of the international value. A geographical mile is the length of 1 minute 
of the equator, or about 6,087 feet. 

The land or statute mile (mi., St M) of 5,280 feet is commonly used for 
navigation on rivers and lakes, notably the Great Lakes of North America. 

The nautical mile is about 38/33 or approximately 1.15 statute miles. A conver- 
sion table for nautical and statute miles is given in table 20. 

Distance, as customarily used by the navigator, refers to the length of the 
rhumb line connecting two places. This is a line making the same oblique angle 
with all meridians. Meridians and parallels (including the equator) which also 
maintain constant true directions, may be considered special cases of the rhumb 
line. Any other rhumb line spirals toward the pole, forming a loxodromic curve or 
loxodrome (fig. 205). Distance along the great circle connecting two points is cus- 
tomarily designated great-circle distance. 

206. Speed (S) is rate of motion, or distance per unit of time. 

A knot (kn.), the unit of speed commonly used in navigation, is a rate of 1 
nautical mile per hour. The expression “knots per hour” refers to acceleration, not 
speed. \ 

The expression speed of advance (SOA) is used to indicate the speed intended 
to be made along the track (art. 207), and speed over ground (SOG) the speed along 
the path actually followed. Speed made good (SMG) is the speed along the course 
made good. 

207. Direction on the earth.—Direction is the position of one point relative to 
another, without reference to the distance between them. In navigation, direction is 
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Figure 205.—A rhumb line or loxodrome. 


customarily expressed as the angular difference in degrees from a reference direc- 
tion, usually north or the ship’s head. Compass directions (east, south by west, etc.) 
or points (of 114%4° or 2 of a circle) are seldom used by modern navigators for 
precise directions. 

Course (C, Cn) is the horizontal direction in which a vessel is steered or 
intended to be steered, expressed as angular distance from north, usually from 000° 
at north, clockwise through 360°. Strictly, the term applies to direction through the 
water, not the direction intended to be made good over the ground. The course is 
often designated as true, magnetic, compass, or grid as the reference direction is 
true, magnetic, compass, or grid north, respectively. Track made good (TMG) is the 
single resultant direction from the point of departure to point of arrival at any 
given time. Sometimes the expression course of advance (COA) is used to indicate 
the direction intended to be made good over the ground, and course over ground 
(COG) the direction of the path actually followed, usually a somewhat irregular 
line. Course line is a line, as drawn on a chart, extending in the direction of a 
course. 

In making computations it is sometimes convenient to express a course as an 
angle from either north or south, through 90° or 180°. In this case it is designated 
course angle (C) and should be properly labeled to indicate the origin (prefix) and 
direction of measurement (suffix). Thus, C N85°E=Cn 035° (000°+35°), C 
N155°W=Cn 205° (860°— 155°), C S47°E=Cn 133° (180° — 47°). But Cn 260° may be 
either C N100°W or C S80°W, depending upon the conditions of the problem. 

The symbol C is always used for course angle, and is usually used for course 
where there is little or no possibility of confusion. 

Track (TR) is the intended or desired horizontal direction of travel with respect 
to the earth and also the path of intended travel. The terms intended track and 
trackline are also used to indicate the path of intended travel (fig. 207a). The path 
actually followed is usually a somewhat irregular line. The track consists of one or 
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a series of course lines from the point of departure to the destination, along which 
it is intended the vessel will proceed. A great circle which a vessel intends to follow 
approximately is called a great-circle track. 


Unknown 


Current << 


Destination 


Point of Departure 
<Ee. 


Point of 
Arrival 


FicureE 207a.—Course line, track, track made good, and heading. 


Heading (Hdg., SH) is the direction in which a vessel is pointed, expressed as 
angular distance from north, usually from 000° at north, clockwise through 360°. 
Heading should not be confused with course. Heading is a constantly changing 
value as a vessel oscillates or yaws back and forth across the course due to the 
effects of sea, wind, and steering error. 

Bearing (B, Brg.) is the direction of one terrestrial point from another, ex- 
pressed as angular distance from a reference direction, usually from 000° at the 
reference direction, clockwise through 360°. When measured through 90° or 180° 
from either north or south, it is called bearing angle (B), which bears the same 
relationship to bearing as course angle does to course. Bearing and azimuth are 
sometimes used interchangeably, but the latter is better reserved exclusively for 
reference to horizontal direction of a point on the celestial sphere from a point on 
the earth. 

A relative bearing is one relative to the heading, or to the vessel itself. It is 
usually measured from 000° at the heading, clockwise through 360°. However, it is 
sometimes conveniently measured right or left from 0° at the ship’s head through 
180°. This is particularly true when using table 7. Older methods, such as indicating 
the number of degrees or points from some part of the vessel (10° forward of the 
starboard beam, two points on the port quarter, etc.) are seldom used by modern 
navigators to indicate precise directions, except for bearings dead ahead or astern, 
or broad on the bow, beam, or quarter. 

To convert a relative bearing to a bearing from north (fig. 207b), express the 
relative bearing in terms of the 0°-360° system and add the heading: 

True Bearing = Relative Bearing+ True Heading. 
Thus, if another vessel bears 127° relative from a ship whose heading is 150°, the 
bearing from north is 127°+150°=277". If the total exceeds 360°, subtract this 
amount. To convert a bearing from north to a relative bearing, subtract the head- 
ing: 
Relative Bearing=True Bearing—True Heading. 
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Figure 207b.—Relative bearing. 


Thus, a lighthouse which bears 241° from north bears 241° —137°=104° relative from 


a ship whose heading is 137°. If the heading is larger than the true bearing, add 
360° to the true bearing before subtracting. 


CHAPTER ITI 


CHART PROJECTIONS 


General 


301. The navigator’s chart.—A map is a conventional representation, usually 
on a plane surface, of all or part of the physical features of the earth’s surface or 
any part of it. A chart is such a representation intended primarily for navigation. A 
nautical or marine chart is one intended primarily for marine navigation. It gener- 
ally shows depths of water (by soundings and sometimes also by depth curves), aids 
to navigation, dangers, and the outline of adjacent land and such land features as 
are useful to the navigator. 

Chart making presents the problem of representing the surface of a spheroid 
upon a plane surface. The surface of a sphere or spheroid is said to be undevelopa- 
ble because no part of it can be flattened without distortion. A map projection or 
chart projection is a method of representing all or part of the surface of a sphere or 
spheroid upon a plane surface. The process is one of transferring points on the 
surface of the sphere or spheroid onto a plane, or onto a developable surface (one 
that can be flattened to form a plane) such as a cylinder or cone. If points on the 
surface of the sphere or spheroid are projected from a single point (including 
infinity), the projection is said to be perspective or geometric. Most map projections 
are not perspective. 

302. Selecting a projection.—Each projection has distinctive features which 
make it preferable for certain uses, no one projection being best for all conditions. 
These distinctive features are most apparent on charts of large areas. As the area 
becomes smaller, the differences between various projections become less noticeable 
until on the largest scale chart, such as of a harbor, all projections become practi- 
cally identical. Some of the desirable properties are: 

1. True shape of physical features. 

2. Correct angular relationship. A projection with this characteristic is said to 
be conformal or orthomorphic. 

3. Equal area, or the representation of areas in their correct relative propor- 
tions. 

4. Constant scale values for measuring distances. 

5. Great circles represented as straight lines. 

6. Rhumb lines represented as straight lines. 

It is possible to preserve any one and sometimes more than one property in any 
one projection, but it is impossible to preserve all of them. For instance, a projection 
cannot be both conformal and equal area, nor can both great circles and rhumb 
lines be represented as straight lines. 

303. Types of projection.—Projections are usually classified primarily as to the 
type of developable surface to which the spherical or spheroidal surface is trans- 
ferred. They are sometimes further classified as to whether the projection (but not 
necessarily the charts made by it) is centered on the equator (equatorial), a pole 
(polar), or some point or line between (oblique). The name of a projection often 
indicates its type and sometimes, in addition, its principal feature. 
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The projection used most frequently by mariners is commonly called Mercator, 
after its inventor (art. 109). Classified according to type this is a conic projection 
upon a plane, the cylinder conceived as being tangent along the equator. A similar 
projection based upon a cylinder tangent along a meridian is called transverse 
Mercator or transverse orthomorphic. It is sometimes called inverse Mercator or 
inverse orthomorphic. If the cylinder is tangent along a great circle other than the 
equator or a meridian, the projection is called oblique Mercator or oblique ortho- 
morphic. 

In a simple conic projection points on the surface of the earth are conceived as 
transferred to a tangent cone. In a Lambert conformal projection the cone inter- 
sects the earth (a secant cone) at two small circles. In a polyconic projection, a 
series of tangent cones is used. 

An azimuthal or zenithal projection is one in which points on the earth are 
transferred directly to a plane. If the origin of the projecting rays is the center of 
the earth, a gnomonic projection results; if it is the point opposite the plane’s point 
of tangency, a stereographic projection; and if at infinity (the projecting lines being 
parallel to each other), an orthographic projection (fig. 303). The gnomonic, stereo- 
graphic, and orthographic are perspective projections. In an azimuthal equidistant 
projection, which is not perspective, the scale of distances is constant along any 
radial line from the point of tangency. 


FIGURE 303.—Azimuthal projections: A, gnomonic; 
B, stereographic; C (at infinity), orthographic. 


Cylindrical and plane projections can be considered special cases of conical 
projéctions with the heights infinity and zero, respectively. 
A graticule is the network of latitude and longitude lines laid out in accordance 
with the principles of any projection. 


Cylindrical Projections 


304. Features.—If a cylinder is placed around the earth, tangent along the 
equator, and the planes of the meridians are extended, they intersect the cylinder 
in a number of vertical lines (fig. 304). These lines, all being vertical, are parallel 
or everywhere equidistant from each other, unlike the terrestrial fsa ats 
become closer together as the latitude increases. On the earth the parallels of 
latitude are perpendicular to the meridians, forming circles of progressively smalle 
diameter as the latitude increases. On the cylinder they are shown perpendicular tS 
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the projected meridians, but because a cylinder is everywhere of the same diameter, 
the projected parallels are all the same size. 


Ficure 304.—A cylindrical projection. 


If the cylinder is cut along a vertical line (a meridian) and spread out flat, the 
meridians appear as equally spaced, vertical lines, and the parallels as horizontal 
lines. The spacing of the parallels relative to each other differs in the various types 
of cylindrical projections. 

The cylinder may be tangent along some great circle other than the equator, 
forming an oblique or transverse cylindrical projection, on which the pattern of 
latitude and longitude lines appears quite different, since the line of tangency and 
the equator no longer coincide. 

305. Mercator projection.—A conformal projection upon a plane used for navi- 
gation is the Mercator, named for its inventor Gerhard Kremer (Mercator), a 
Flemish geographer. It is not perspective and the parallels cannot be located by 
geometrical projection, the spacing being derived mathematically. The use of a 
tangent cylinder to explain the development of the projection has been used, but 
the relationship of the terrestrial latitude and longitude lines to those on the 
cylinder is often carried beyond justification, resulting in misleading statements 
and illustrations. 

The distinguishing feature of the Mercator projection (fig. 305) among other 
projections is that both the meridians and parallels are expanded at the same ratio 
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with increased latitude. The expansion is equal to the secant of the latitude, with a 
small correction for the ellipticity of the earth. Since the secant of 90° is infinity, 
the projection cannot include the poles. Expansion is the same in all directions and 
angles are correctly shown, the projection being conformal. Rhumb lines appear as 
straight lines, the directions of which can be measured directly on the chart. 
Distances can also be measured directly, to practical accuracy, but not by a single 
distance scale over the entire chart, unless the spread of latitude is small. The 
latitude scale is customarily used for measuring distances, the expansion of the 
scale being the same as that of distances at the same latitude. Great circles, except 
meridians and the equator, appear as curved lines concave to the equator (fig. 310a). 
Small areas appear in their correct shape but of increased size unless they are near 
the equator. Plotting of positions by latitude and longitude is done by means of 
rectangular coordinates, as on any cylindrical projection. 

306. Meridional parts.—At the equator a degree of longitude is approximately 
equal in length to a degree of latitude. As the distance from the equator increases, 
degrees of latitude remain approximately the same (not exactly because the earth is 
not quite a sphere), while degrees of longitude become progressively shorter. Since 
degrees of longitude appear everywhere the same length in the Mercator projection, 
it is necessary to increase the length of the meridians if the expansion is to be equal 
in all directions. Thus, to maintain the correct proportions between degrees of 
latitude and degrees of longitude, the former are shown progressively longer as the 
distance from the equator increases (fig. 305). 


Figure 305.—A Mercator map of the world. 
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The length of the meridian, as thus increased between the equator and any 
given latitude, expressed in minutes of the equator as a unit, constitutes the 
number of meridional parts (M) corresponding to that latitude. Meridional parts, 
given in table 5 for every minute of latitude from the equator to the pole, afford 
facilities for constructing a Mercator chart and for solving problems in Mercator 
sailing. These values are for the WGS ellipsoid of 1972. The formula for meridional 
parts, given in the explanation to table 5, is derived from an integral representing 
the exact relationship. 

307. Mercator chart construction.—To construct a Mercator chart, first select 
the scale and then proceed as follows: 

Draw a series of vertical lines to represent the meridians, spacing them in 
accordance with the scale selected. If the chart is to include the equator, the 
distances of the various parallels from the equator are given directly in table 5, 
although it may be desirable to convert the tabulated values to more convenient 
units. Thus, if 1°(60’) of longitude is to be shown as 1 inch, each meridional part will 
be Yo or 0.01667 inch in length. The distance, in inches, of any parallel from the 
equator is then determined by dividing its meridional parts by 60 or multiplying 
them by 0.01667. 

If the equator is not to be included, the meridional difference (m) is used. This 
is the difference between the meridional parts of the various latitudes and that of 
the lowest parallel (the one nearest the equator) to be shown. Distances so deter- 
mined are measured from the lowest parallel. 

It is often desired to show a minimum area on a chart of limited size, to the 
largest possible scale. The scale is then dictated by the limitations. 

When the graticule has been completed, the features to be shown are located by 
means of the latitude and longitude scales. 

Example.—A Mercator chart is to be constructed at the maximum scale on a 
sheet of paper 35 x 46 inches, with a minimum 2-inch margin outside the neatline 
limiting the charted area. The minimum area to be covered is lat. 44°—50° north 
and long. 56°—68° west. 

Solution.—Step one: Determine which dimension to place horizontal. From 
table 5 the meridional difference is: 


Mso: 3456.6 
Mis- 2929.6 
m 527.0 


The chart is to cover at least 12° (68°—56°) of longitude. The longitude is therefore 
to cover a distance of 12x60=720 meridional parts. Since there are a greater 
number of meridional parts of longitude to be shown than of latitude, the long 
dimension is placed horizontal. 

Step two: Determine whether the latitude or longitude is the limiting scale 
factor. The number of inches available for latitude coverage is 31 (85 inches minus a 
2-inch margin top and bottom). If 527 meridional parts are to be shown in 31 inches, 


each meridional part will be 


31 
— =0.05882 inch. 
527 


There are 46—4=42 inches available for longitude, and therefore the length of each 
meridional part will be 
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42 
——~ =0.05833 inch. 
720 


Thus, the longitude is the limiting scale factor, for all of the desired area could not 
be shown in the available space if the larger scale were to be used. Using the 
smaller scale, it is found that 30.74 inches (0.05833 x 527) will be needed to show the 
desired latitude coverage. The top and bottom margins can be increased slightly, or 
additional latitude coverage can be shown. If it is desired to include the additional 
coverage, the amount can be determined by dividing the available space, 31 inches, 
by the scale, 0.05833. This is 531.5 meridional parts, or 4.5 more than the minimum. 
By inspection of table 5, it is seen that the latitude can be extended either 3/3 
below 44° or 2/9 above 50°. Suppose it is decided that the margin will be increased 
slightly and only the desired minimum coverage shown. 

Step three: Determine the spacing of the meridians and parallels. Meridians 1° 
or 60’ apart will be placed 60x 0.05833=3.50 inches apart. Next, determine each 
degree of latitude separately. First, compute the meridional difference between the 
lowest parallel and the verious parallels to be shown: 


Mas° 3013.5 Muse 3098.8 Maze 3185.7 Mas: 3274.2 Mas> 3364.5 Mso- 3456.6 
Mase 2929.6 Mase 2929.6 Mase 2929.6 Mas> 2929.6 Mus 2929.6 Mase 2929.6 


m 83.9 m 169.23) mM 206.1 m 344.6 m 434.9 m 527.0 


Next, determine the distance of each parallel from that of L 44°N by multiplying its 
meridional difference by the scale, 0.05833: 


L 44° to L 45°=0.05833 x 83.9= 4.89 in. 
L 44° to L 46° =0.05833 x 169.2= 9.87 in. 
L 44° to L 47° =0.05833 x 256.1 =14.94 in. 
L 44° to L 48° =0.05833 x 344.6 =20.10 in. 
L 44° to L 49° =0.05833 x 434.9 = 25.87 in. 
L 44° to L 50°=0.05833 x 527.0=30.74 in. 


Step four: Draw the graticule. Draw a horizontal line 2.13 inches 


35—30.74 
2 


from the bottom. This is the lower neatline. Label it “44°N.” Draw the right-hand 
neatline 2 inches from the edge. Label it “56°W.” Along the lower parallel measure 
off distances in units of 3.50 inches from \ 56°W at the right to \ 68°W at the left. 
Through the points thus located draw vertical lines to represent the meridians. 
Along any meridian measure upward from the horizontal line a series of distances 
as determined by the calculations above. Through these points draw horizontal lines 
to represent the parallels. Label the meridians and parallels as shown in figure 307. 

Step five: Mark off the latitude and longitude scales around the neatline. The 
scales can be graduated in units as small as desired. Determine the longitude scale 
by dividing the degrees into equal parts. Establish the latitude scale by computing 
each subdivision of a degree in the same manner as described above for whole 
degrees. In low latitudes degrees of latitude can be divided into equal parts without 
serious loss of accuracy. 

Step six: Fill in the desired detail. 
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FicurE 307.—The graticule of a Mercator chart from L 44°N to L 50°N and from A 56°W to A 68°W. 


In south latitude the distance between consecutive parallels increases toward 
the south. The top parallel is drawn first and distances measured downward from 
it. Latitude labels increase toward the south (down). 

In east longitude the longitude labels increase toward the east (right). 

308. Transverse and oblique Mercator projections.—If Mercator principles are 
used to construct a chart, but with the cylinder tangent along a meridian, a 
transverse Mercator or transverse orthomorphic projection results. The word “in- 
verse” is sometimes used in place of “transverse” with the same meaning. If the 
cylinder is tangent at some great circle other than the equator or a meridian (fig. 
308a), the projection is called oblique Mercator or oblique orthomorphic. These 
projections utilize a fictitious graticule similar to but offset. from the familiar 
network of meridians and parallels (fig. 308b). The tangent great circle is the 
fictitious equator. Ninety degrees from it are two fictitious poles. A group of great 
circles through these poles and perpendicular to the tangent great circle are the 
fictitious meridians, while a series of circles parallel to the plane of the tangent 
great circle form the fictitious parallels. 

The actual meridians and parallels appear as curved lines (figs. 309 and 310b). 

A straight line on the transverse or oblique Mercator projection makes the 
same angle with all fictitious meridians, but not with the terrestrial meridians. It is 
therefore a fictitious rhumb line. Near the tangent great circle a straight line 
closely approximates a great circle. It is in this area that the chart is most useful. 

The Universal Transverse Mercator (UTM) grid is a military grid superim- 
posed upon a transverse Mercator graticule, or the representation of these grid 


lines upon any graticule. 
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Figure 308a.—An oblique Mercator projection. 


This grid system and these projections are often used for large-scale (harbor) 
nautical charts and military charts. 

309. Transverse Mercator projection.—A special case of the Mercator projec- 
tion in which the cylinder is tangent along a meridian is called a transverse 
(inverse) Mercator or transverse (inverse) orthomorphic projection. Since the area 
of minimum distortion is near a meridian, this projection is useful for charts 
covering a large band of latitude and extending a relatively short distance on each 
side of the tangent meridian (fig. 309). It is sometimes used for star charts showing 
the evening sky at various seasons of the year (figs. 2205-2208). 

310. Oblique Mercator projection.—The Mercator projection in which the cylin- 
der is tangent along a great circle other than the equator or a meridian is called an 
oblique Mercator or oblique orthomorphic projection. This projection is used prin- 
cipally where it is desired to depict an area in the near vicinity of an oblique great 
circle, as, for instance, along the great-circle route between two important, widely 
separated centers. Figure 310a is a Mercator map showing Washington and Moscow 
and the great circle joining them. Figure 310b is an oblique Mercator map with the 
great circle between these two centers as the tangent great circle or fictitious 
equator (as in fig. 308b). The limits of the chart of figure 310b are indicated in 
figure 310a. Note the large variation in scale as the latitude changes. 
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Fictitious Pole 


Figure 308b.—The fictitious graticule of an oblique Mercator 
projection. 


311. Rectangular projection.—A cylindrical projection similar to the Mercator 
but with uniform spacing of the parallels is called a rectangular projection (fig. 
311). It is convenient for graphically depicting information where distortion is not 
important. The principal navigational use of this projection is for the star chart of 
the Air Almanac (art. 2204), where positions of stars are plotted by rectangular 
coordinates representing declination (ordinate) and sidereal hour angle (abscissa). 
Since the meridians are parallel, the parallels of latitude (including the equator and 
the poles) are all represented by lines of equal length. 


Conic Projections 


312. Features.—A conic projection is produced by transferring points from the 
surface of the earth to a cone or series of cones which are then cut along an 
element and spread out flat to form the chart. If the axis of the cone coincides with 
the axis of the earth, the usual situation, the parallels appear as arcs of circles and 
the meridians as either straight or curved lines converging toward the nearer pole. 
Excessive distortion is usually avoided by limiting the area covered to that part of 
the cone near the surface of the earth. A parallel along which there is no distortion 
is called a standard parallel. Neither the transverse conic projection, in which the 
axis of the cone is in the equatorial plane, nor the oblique conic projection, in 
which the axis of the cone is oblique to the plane of the equator, are ordinarily used 
for navigation, their chief use being for illustrative maps. 

The appearance and features of conic projections are varied by using cones 
tangent at various parallels, using a secant (intersecting) cone, or by using a series 
of cones. 

313. Simple conic projection.—A conic projection using a single tangent cone is 
called a simple conic projection (fig. 313a). The height of the cone increases as the 
latitude of the tangent parallel decreases. At the equator the height reaches infinity 
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Ficure 309.—A transverse Mercator map of the Western Hemisphere. 


and the cone becomes a cylinder. At the pole its height is zero and it becomes a 
plane. As in the Mercator projection, the simple conic projection is not perspective, 
as only the meridians are projected geometrically, each becoming an element of the 
cone. When this is spread out flat to form a map, the meridians appear as straight 
lines converging at the apex of the cone. The standard parallel, or that at which the 
cone is tangent to the earth, appears as the arc of a circle with its center at the 
apex of the cone, or the common point of intersection of all the meridians. The 
other parallels are concentric circles, the distance along any meridian between - 
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FiGurE 310a.—The great circle between Washington and Moscow as it appears on a Mercator map. See 
figures 308b and 310b. Q 
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FicurE 310b.—An oblique Mercator map based upon a cylinder tangent along the great circle through 
Washington and Moscow. The map includes an area 500 miles on each side of the great circle. The 
limits of this map are indicated on the Mercator map of figure 310a. 


consecutive parallels being in correct relation to the distance on the earth, and 
hence derived mathematically. The pole is represented by a circle (fig. 313b). The 
scale is correct along any meridian and along the standard parallel. All other 
parallels are too great in length, the error increasing with increased distance from 
the standard parallel. Since the scale is not the same in all directions about every 
point, the projection is not conformal, its principal disadvantage for navigation. 
Neither is it an equal-area projection. 

Since the scale is correct along the standard parallel and varies uniformly on 
each side, with comparatively little distortion near the standard parallel, this 
projection is useful for mapping an area covering a large spread of longitude and a 
comparatively narrow band of latitude. It was developed by Claudius Ptolemy in the 
second century after Christ to map just such an area, the Mediterranean. 

314. Lambert conformal projection.—The useful latitude range of the simple 
conic projection can be increased by using a secant cone intersecting the earth at 
two standard parallels (fig. 314). The area between the two standard parallels is 
compressed, and that beyond is expanded. Such a projection is called a secant conic 
or conic projection with two standard parallels. 
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Ficure 313a.—A simple conic projection. 


If, in such a projection, the spacing of the parallels is altered so that the 
distortion is the same along them as along the meridians, the projection becomes 
conformal. This is known as the Lambert conformal projection, after its eighteenth 
century Alsatian inventor, Johann Heinrich Lambert. It is the most widely used 
conic projection for navigation, though its use is more common among aviators than 
mariners. Its appearance is very much the same as that of the simple conic 
projection. If the chart is not carried far beyond the standard parallels, and if these ~ 
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FiGurE 313b.—A simple conic map of the Northern Hemisphere. 


are not a great distance apart, the distortion over the entire chart is small. A 
straight line on this projection so nearly approximates a great circle that the two 
can be considered identical for many purposes of navigation. Radio bearings, from 
signals which are considered to travel great circles, can be plotted on this projection 
without the correction needed when they are plotted on a Mercator chart. This 
feature, gained without sacrificing conformality, has made this projection popular 
for aeronautical charts, since aircraft make wide use of radio aids to navigation. It 
has made little progress in replacing the Mercator projection for marine navigation, 
except in high latitudes. In a slightly modified form this projection has been used 
for polar charts (art. 321). 

315. Polyconic projection.—The latitude limitations of the secant conic projec- 
tion can be essentially eliminated by the use of a series of cones, resulting in a 
polyconic projection. In this projection each parallel is the base of a tangent cone. 
At the edges of the chart the area between parallels is expanded to eliminate gaps. 
The scale is correct along any parallel and along the central meridian of the 
projection. Along other meridians the scale increases with increased difference of 
longitude from the central meridian. Parallels appear as nonconcentric circles and 
meridians as curved lines converging toward the pole and concave to the central 
meridian. 

The polyconic projection is widely used in atlases, particularly for areas of large 
range in latitude and reasonably large range in longitude, as for a continent such 
as North America. However, since it is not conformal, this projection is not custom- 


arily used in navigation. 
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FiGuRE 314.—A secant cone for a conic projection with two standard 
parallels. 


Azimuthal Projections 


316. Features.—If points on the earth are projected directly to a plane surface, 
a map is formed at once, without cutting and flattening, or “developing.” This can 
be considered a special case of a conic projection in which the cone has zero height. 

The simplest case of the azimuthal projection is one in which the plane is 
tangent at one of the poles. The meridians are straight lines intersecting at the 
pole, and the parallels are concentric circles with their common center at the pole. 
Their spacing depends upon the method of transferring points from the earth to the 
plane. 

If the plane is tangent at some point other than a pole, straight lines through 
the point of tangency are great circles, and concentric circles with their common 
center at the point of tangency connect points of equal distance from that point. 
Distortion, which is zero at the point of tangency, increases along any great circle 
through this point. Along any circle whose center is the point of tangency, the 
distortion is constant. The bearing of any point from the point of tangency is 
correctly represented. It is for this reason that these projections are called azimuth- 
al. They are also called zenithal. Several of the common azimuthal projections are 
perspective. 

317. Gnomonic projection.—If a plane is tangent to the earth, and points are 
projected geometrically from the center of the earth, the result is a gnomonic 
projection (fig. 317a). This is probably the oldest of the projections, believed to have 
been developed by Thales about 600 BC. Since the projection is perspective, it can 


be demonstrated by placing a light at the center of a transparent terrestrial globe 
and holding a flat surface tangent to the sphere. 
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FicureE 317a.—An oblique gnomonic projection. 


For the oblique case the meridians appear as straight lines converging toward 
the nearer pole. The parallels, except the equator, appear as curves (fig. 317b). As in 
all azimuthal projections, bearings from the point of tangency are correctly repre- 
sented. The distance scale, however, changes rapidly. The projection is neither 
conformal nor equal area. Distortion is so great that shapes, as well as distances 
and areas, are very poorly represented, except near the point of tangency. 
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Figure 317b.—An oblique gnomonic map with 
point of tangency at latitude 30°N, longitude 
90°W. 


The usefulness of the projection rests upon the one feature that any great circle 
appears on the map as a Straight line. This is apparent when it is realized that a 
great circle is the line of intersection of a sphere and a plane through the center of 
the sphere, this center being the origin of the projecting rays for the map. This 
plane intersects any other nonparallel plane, including the tangent plane, in a 
straight line. It is this one useful feature that gives charts made on this projection 
the common name great-circle charts. * 

Gnomonic charts published by DMAHTC bear instructions for determining 
direction and distance on the charts. The principal navigational use of such charts 
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is for plotting the great-circle track between points, for planning purposes. Points 
along the track are then transferred, by latitude and longitude, to the navigational 
chart, usually one on the Mercator projection. The great circle is then followed 
approximately by following the rhumb line from one point to the next (art. 903). 

318. Stereographic projection.—If points on the surface of the earth are pro- 
jected geometrically onto a tangent plane, from a point on the surface of the earth 
opposite the point of tangency, a stereographic projection results (fig. 318a). It is 
also called an azimuthal orthomorphic projection. 


Figure 318a.—An equatorial stereographic 
projection. 


The scale of the stereographic projection increases with distance from the point 
of tangency, but more slowly than in the gnomonic projection. An entire hemi- 
sphere can be shown on the stereographic projection without excessive distortion 
(fig. 318b). As in other azimuthal projections, great circles through the point of 
tangency appear as straight lines. All other circles, including meridians and paral- 
lels, appear as circles or arcs of circles. 

The principal navigational use of the stereographic projection is for charts of 
the polar regions and devices for mechanical or graphical solution of the naviga- 
tional triangle (art. 2122). A Universal Polar Stereographic (UPS) grid, mathemati- 
cally adjusted to the graticule is used as a reference system. 

319. Orthographic projection.—If terrestrial points are projected geometrically 
from infinity (projecting lines parallel) to a tangent plane, an orthographic projec- 
tion results (fig. 319a). This projection is neither conformal nor equal area and has 
no advantages as a map projection. Its principal navigational use is in the field of 
navigational astronomy, where it is useful for illustrating or graphically solving the 
navigational triangle and for illustrating celestial coordinates. If the plane is tan- 
gent at a point on the equator, the usual case, the parallels (including the equator) 
appear as straight lines and the meridians as ellipses, except that the meridian 


through the point of tangency appears as a straight line and the one 90° away asa 
circle (fig. 319b). 
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Ficure 319a.—An equatorial orthographic projection. 


320. Azimuthal equidistant projection.—An azimuthal projection in which the 
distance scale along any great circle through the point of tangency is constant is 
called an azimuthal equidistant projection. If a pole is the point of tangency, the 
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Figure 319b.—An orthographic map of the Western Hemisphere. 


meridians appear as straight radial lines and the parallels as concentric circles, 
equally spaced. If the plane is tangent at some point other than a pole, the 
concentric circles represent distance from the point of tangency. In this case merid- 
ians and parallels appear as curves. The projection can be used to portray the 
entire earth, the point 180° from the point of tangency appearing as the largest of 
the concentric circles. The projection is neither conformal nor equal area, nor is it 
perspective. Near the point of tangency the distortion is small, but it increases with 
distance until shapes near the’ opposite side of the earth are unrecognizable (fig. 
320). 

The projection is useful because it combines the three features of being azi- 
muthal, having a constant distance scale from the point of tangency, and permit- 
ting the entire earth to be shown on one map. Thus, if an important harbor or 
airport is selected as the. point of tangency, the great-circle course, distance, and 
track from that point to any other point on the earth are quickly and accurately 
determined. For communication work at a fixed point, the point of tangency, the 
path of an incoming signal is at once apparent if the direction of arrival has been 
determined. The direction to train a directional antenna for desired results can be 
determined easily. The projection is also used for polar charts and for the familiar 
star finder and identifier, No. 2102-D (art. 2210). 


Polar Charts 


321. Polar projections.—Special consideration is given to the selection of projec- 
tions for polar charts, principally because the familiar projections become special 
cases with unique features. 

In the case of cylindrical projections in which the axis of the cylinder is 
parallel to the polar axis of the earth, distortion becomes excessive and the scale 
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Ficure 320.—An azimuthal equidistant map of the world with the point of tangency at latitude 40°N, 
longitude 100°W. 


changes rapidly. Such projections cannot be carried to the poles. However, both the 
transverse and oblique Mercator projections are used. 

Conic projections with their axes parallel to the earth’s polar axis are limited 
in their usefulness for polar charts because parallels of latitude extending through 
a full 360° of longitude appear as arcs of circles rather than full circles. This is 
because a cone, when cut along an element and flattened, does not extend through 
a full 360° without stretching or resuming its former conical shape. The usefulness 
of such projections is also limited by the fact that the pole appears as an arc of a 
circle instead of a point. However, by using a parallel very near the pole as the 
higher standard parallel, a conic projection with two standard parallels can be 
made which requires little stretching to complete the circles of the parallels and 
eliminate that of the pole. Such a projection, called the modified Lambert conform- 
al or Ney’s projection, is useful for polar charts. It is particularly acceptable to 
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those accustomed to using the ordinary Lambert conformal charts in lower lati- 
tudes. 

Azimuthal projections are in their simplest form when tangent at a pole, since 
the meridians are straight lines intersecting at the pole, and parallels are concen- 
tric circles with their common center at the pole. Within a few degrees of latitude 
of the pole they all look essentially alike, but as the distance becomes greater, the 
spacing of the parallels becomes distinctive in each projection. In the polar azimuth- 
al equidistant it is uniform; in the polar stereographic it increases with distance 
from the pole until the equator is shown at a distance from the pole equal to twice 
the length of the radius of the earth, or about 27% too much; in the polar gnomonic 
the increase is considerably greater, becoming infinity at the equator; in the polar 
orthographic it decreases with distance from the pole (fig. 321). All of these but the 
last are used for polar charts. 


Stereographic 


Azimuthal Equidistant 


Orthographic 


Ficure 321.—Expansion of polar azimuthal projections. 


322. Selection of a polar projection.—The principal considerations in the 
choice of a suitable projection for polar navigation are: 

1. Conformality. It is desirable that angles be correctly represented so that 
plotting can be done directly on the chart, without annoying corrections. 

2. Great-circle representation. Since great circles are more useful than rhumb 
lines in high latitudes, it is desirable that great circles be represented by straight 
lines. 

3. Scale variation. Constant scale over an entire chart is desirable. 


4. Meridian representation. Straight meridians are desirable for convenience 
and accuracy of plotting, and for grid navigation (art. 2510), 
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5. Limits of utility. Wide limits are desirable to reduce to a minimum the 
number of projections needed. The ideal would be a single projection for world 
coverage. 

The projections commonly used for polar charts are the modified Lambert 
conformal, gnomonic, stereographic, and azimuthal equidistant. Near the pole there 
is little to choose between them. Within the limits of practical navigation all are 
essentially conformal and on all a great circle is nearly a straight line. 

As the distance from the pole increases, however, the distinctive features of 
each projection become a consideration. The modified Lambert conformal projection 
is virtually conformal over its entire extent, and the amount of its scale distortion 
is comparatively little if it is carried only to about 25° or 30° from the pole. Beyond 
this, the distortion increases rapidly. A great circle is very nearly a straight line 
anywhere on the chart. Distances and directions can be measured directly on the 
chart in the same manner as on a Lambert conformal chart. However, for highly 
accurate work this projection is not suitable, for it is not strictly conformal, and 
great circles are not exactly straight lines. 

The polar gnomonic projection is the one polar projection on which great circles 
are exactly straight lines. A complete hemisphere cannot be represented upon a 
plane, because the radius of 90° from the center would become infinity. 

The polar stereographic projection (fig. 322) is conformal over its entire extent, 
and a great circle differs but little from a straight line. The scale distortion is not 
excessive for a considerable distance from the pole, but is greater than that of the 
modified Lambert conformal projection. 

The polar azimuthal equidistant projection is useful for showing a large area 
such as a hemisphere, because there is no expansion along the meridians. However, 
the projection is not conformal, and distances cannot be measured accurately in any 
but a north-south direction. Great circles other than the meridians differ somewhat 
from straight lines. The equator is a circle centered at the pole. 

The two projections most commonly used for charts for ordinary navigation 
near the poles are the modified Lambert conformal and the polar stereographic. 
When a directional gyro is used as a directional reference, the track of the craft is 
approximately a great circle. A desirable chart is one on which a great circle is 
represented as a straight line with a constant scale and with angles correctly 
represented. These requirements are not met entirely by any single projection, but 
they are approximated by both the modified Lambert conformal and the polar 
stereographic. The scale is more nearly constant on the former, but the projection is 
not strictly conformal. The polar stereographic is conformal, and its maximum scale 
variation can be reduced by using a plane which intersects the earth at some 
parallel intermediate between the pole and the lowest parallel, so that that portion 
within this standard parallel is compressed, and that portion outside is expanded. 

The selection of a suitable projection for use in polar regions, as in other areas, 
depends upon the requirements, which establish relative importance of the various 
features. For a relatively small area, any of several projections is suitable. For a 
large area, however, the choice is more critical. If grid directions (art. 2510) are to 
be used, it is important that all units in related operations use charts on the same 
projection, with the same standard parallels, so that a single grid direction exists 
between any two points. Nuclear powered submarine operations under the polar 
icecap have increased the need for grid directions in marine navigation. 
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FiGurE 322.—Polar stereographic projection. 


Plotting Sheets 


323. Definition and use.—A position plotting sheet is a plotting sheet designed 
primarily for plotting the dead reckoning and lines of position obtained from 
celestial observations or radio aids to navigation. It has the latitude and longitude 
graticule, and it may have one or more compass roses (art. 516) for measuring 
direction, but little or no additional information. The meridians are usually unla- 
beled by the publisher so the plotting sheet can be used for any longitude. 

Plotting sheets are less expensive to produce than charts and are equally 
suitable or superior for some purposes. They are used primarily when land, visual 
aids to navigation, and depth of water are not important. 

Any projection can be used for constructing a plotting sheet, but that used for 
the navigator’s charts is customarily employed also for his plotting sheets. 

324. Small area plotting sheets.—A Mercator plotting sheet can be constructed 
by the method explained in article 307. For a relatively small area a good approxi- 
mation can be more quickly constructed by the navigator by either of two alterna- 
tive methods based upon a graphical solution of the secant of the latitude, which 
approximates the expansion. 
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. First method (fig. 324a). Step one. Draw a series of equally spaced, vertical 
lines at any spacing desired. These are the meridians; label them at any desired 
mtervaly as*l', 2’, 5’, 10’, 80’) 1°, ete: 


(Step 4) 


(Step 2) 


(Step 4) 


Ficure 324a.—Small area plotting sheet with selected longitude scale. 


Step two. Through the center of the sheet draw a horizontal line to represent 
the parallel of the mid-latitude of the area to be covered, and label it. 

Step three. Through any convenient point, such as the intersection of the 
central meridian and the parallel of the mid-latitude, draw a line making an angle 
with the horizontal equal to the mid-latitude. In figure 324a this angle is 35°. 

Step four. Draw in and label additional parallels. The length of the oblique line 
between consecutive meridians is the perpendicular distance between consecutive 
parallels, as shown by the broken arc. The number of minutes of arc between 
consecutive parallels thus drawn is the same as that between the meridians shown. 

Step five. Graduate the oblique line into convenient units. If 1’ is selected, this 
scale serves as both a latitude and mile scale. It can also be used as a longitude 
scale by measuring horizontally from a meridian instead of obliquely along the line. 

Second method (fig. 324b). Step one. At the center of the sheet draw a circle 
with a radius equal to 1° (or any other convenient unit) of latitude at the desired 
scale. If a sheet with a compass rose is available, as in figure 324b, the compass rose 
can be used as the circle and will prove useful for measuring directions. It need not 
limit the scale of the chart, as an additional concentric circle can be drawn and 


desired graduations extended to it. 
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(Step 2) 


FiGurE 324b.—Small area plotting sheet with selected latitude scale. 


Step two. Draw horizontal lines through the center of the circle and tangent at 
the top and bottom. These are parallels of latitude; label them accordingly, at the 
selected interval (as every 1°, 30’, etc.). 

Step three. Through the center of the circle draw a line making an angle with 
the horizontal equal to the mid-latitude. In figure 324b this angle is 40°. 

Step four. Draw in and label the meridians. The first is a vertical line through 
the center of the circle. The second is a vertical line through the intersection of the 
oblique line and the circle. Additional meridians are drawn the same distance apart 
as the first two. 

Step five. Graduate the oblique line into convenient units. If 1’ is selected, this 
scale serves as a latitude and mile scale. It can also be used as a longitude scale by 
measuring horizontally from a meridian instead of obliquely along the line. 

The same end result is produced by either method. The first method, starting 
with the selection of the longitude scale, is particularly useful when the longitude 
limits of the plotting sheet determine the scale. When the latitude coverage is more 
important, the second method may be preferable. If a standard size is desired, part 
of the sheet can be printed in advance, forming what is called a universal plotting 
sheet. This is done by the Defense Mapping Agency Hydrographic/Topographic 
Center. In either method a central compass rose might be printed. In the first 
method the meridians may be shown at the desired interval and the mid parallel 
may be printed and graduated in units of longitude. In using the sheet it is 
necessary only to label the meridians and draw the oblique line and from it 
determine the interval and draw in and label additional parallels. If the central 
meridian is graduated, the oblique line need not be. In the second method the 
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parallels may be shown at the desired interval, and the central meridian may be 
printed and graduated in units of latitude. In using the sheet it is necessary only to 
label the parallels, draw the oblique line and from it determine the interval and 
draw in and label additional meridians. If the central meridian is graduated, as 
shown in figure 324b, the oblique line need not be. 

Both methods use a constant relationship of latitude to longitude over the 
entire sheet and both fail to allow for the ellipticity of the earth. For practical 
navigation these are not important considerations for a small area. If a larger area 
is to be shown or if more precise results are desired, the method of article 307 
should be used. 


Grids 


325. Purpose and definition of grid—No system has been devised for showing 
the surface of the earth on a flat surface, without distortion. Moreover, the appear- 
ance of any portion of the surface varies with the projection and, in many cases, 
with the location of the portion with respect to the point or line of tangency. For 
some purposes (particularly military) it is desirable to be able to identify a location 
or area by rectangular coordinates, using numbers or letters, or a combination of 
numbers and letters, without the necessity of indicating the units used or assigning 
a name (north, south, east, or west), thus reducing the possibility of a mistake. This 
is accomplished by means of a grid. In its usual form this consists of two series of 
lines which are mutually perpendicular on the chart, with suitable designators. 

326. Types of grids.—A grid may use the rectangular graticule of the Mercator 
projection, or a set of arbitrary lines on a particular projection. The most widely 
used system of the first is called the World Geographic Referencing System 
(Georef). It is merely a method of designating latitude and longitude by a system of 
letters and numbers instead of by angular measure, and therefore is not strictly a 
grid, except on a Mercator projection. It is particularly useful for operations extend- 
ing over a wide area. Examples of the second type of grid are the Universal 
Transverse Mercator (UTM) grid, the Universal Polar Stereographic (UPS) grid, 
and the Temporary Geographic Grid (TGG). Since these systems are used primari- 
ly by military forces, they are sometimes called military grids. 
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CHAPTER IV 


VISUAL AND AUDIBLE AIDS TO NAVIGATION 


401. Introduction.—The term aid to navigation, as used herein, means any 
device external to a vessel intended to be of assistance to a navigator in his 
determination of position or safe course, or to provide him with a warning to 
dangers or obstructions to navigation. This term includes lighthouses, beacons, 
sound signals, buoys, marine radiobeacons, racons, and the medium and long range 
radionavigation systems. The discussion of the various aids to navigation in this 
chapter is limited to the visual and audible aids established in the navigable waters 
of the United States and its possessions. 

Aids to navigation are placed at various points along the coast and navigable 
waterways as markers and guides to mark safe water and to provide navigators 
with means to determine their position with relation to the land and to hidden 
dangers. Within the bounds of actual necessity, each aid is designed to be seen or 
heard so that it provides the necessary system coverage to enable safe transit of a 
waterway. 

As all aids to navigation serve the same general purpose, structural differences 
are solely for the purpose of meeting the conditions and requirements of the 
particular location at which the aid is established. 

The maintenance of marine aids to navigation is a function of the United 
States Coast Guard. This responsibility includes the maintenance of lighthouses, 
radiobeacons, racons, Loran, sound signals, buoys, and beacons upon all navigable 
waters of the United States and its possessions, including the Atlantic and Pacific 
coasts of the continental United States, the Great Lakes, the Mississippi River and 
its tributaries, Puerto Rico, the U.S. Virgin Islands, the Hawaiian Islands, Alaska, 
Trust Territory of the Pacific Islands, and such other places where aids to naviga- 
tion are required to serve the needs of the armed forces. 


Lights on Fixed Structures 


402. Lights on fixed structures vary from the tallest lighthouse on the coast, 
flashing with an intensity of millions of candlepower, to a simple battery-powered 
lantern on a wooden pile in a small creek. Being in fixed positions enabling 
accurate charting, lights provide navigators with reliable means to determine their 
positions with relation to land and hidden dangers during daylight and darkness. 
The structures are often distinctively colored to facilitate their observation during 
daylight. 

A major light is a light of high intensity and reliability exhibited from a fixed 
structure or on a marine site (except range lights). Major lights include primary 
seacoast lights and secondary lights. Primary seacoast lights are those major lights 
established for the purpose of making landfalls and coastwise passages from head- 
land to headland. Secondary lights are those major lights, other than primar 
seacoast lights, established at harbor entrances and other locations where high 


intensity and reliability are required. Major lights are usually loc 
: ; ated at 
monitored automated stations. a at manned or 
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A minor light is an automatic unmanned (unwatched) light on a fixed structure 
showing usually low to moderate intensity. Minor lights are established in harbors, 
along channels, rivers, and isolated locations. They usually have the same number- 
ing, coloring, and light and sound characteristics as the lateral system of buoyage 
(art. 411). 

Lighthouses (fig. 402a), all of which exhibit major lights, are placed where they 
will be of most use: on prominent headlands, at entrances, on isolated dangers, or at 
other points where it is necessary that mariners be warned or guided. Their 
principal purpose is to support a light at a considerable height above the water. In 
many instances, sound signals, radiobeacon equipment, and operating personnel are 
housed in separate buildings located near the tower. Such a group of facilities is 
called a light station. 

Many of the lighthouses which were originally tended by resident keepers are 
now operated automatically. There are also many automatic lights on smaller 
structures maintained through periodic visits of Coast Guard cutters or of attend- 
ants in charge of a group of such aids. The introduction of new automatic apparatus 
means that the relative importance of lights cannot be judged on the basis of 
whether or not they have resident keepers. 

Offshore light stations and large navigational buoys (art. 407) have replaced 
lightships. The offshore light stations in U.S. waters, such as the one shown in 
figure 402b have helicopter landing surfaces. In the 1983 Light List, the CHESA- 
PEAKE LIGHT station is described as a blue tower on a white square superstructure 
on four black piles. “CHESAPEAKE” is on sides; the piles are floodlighted sunset to 
sunrise. 

Range lights (fig. 402c) are pairs of lights so located as to form a range in line 
with the center of channels or entrance to a harbor. The rear light is higher than 
the front light and a considerable distance in back of it, thus enabling the mariner 
to use the range by keeping the lights in line as he progresses up the channel. 
Range lights are sometimes used during daylight hours through the use of high 
intensity lights. Otherwise, the range light structures are equipped with daymarks 
(art. 412) for ordinary daytime use. 

Range lights are usually white, red, or green, and display various characteris- 
tics to differentiate them from surrounding lights. 

A directional light is a single light which projects a beam of high intensity, 
separate color, or special characteristic in a given direction. It has limited use for 
those cases where a two-light range may not be practicable or necessary, and for 
special applications. The directional light is essentially a narrow sector light with 
or without adjacent sectors which give information as to the direction of and 
relative displacement from the narrow sector. 

Aeronautical lights, which are lights of high intensity, may be the first lights 
observed at night from vessels approaching the coast. Those situated near the coast 
are accordingly listed in the List of Lights (art. 1306) in order that the navigator 
may be able to obtain more complete information concerning their description. 
These lights are not listed in the U. S. Coast Guard Light List. 

Aeronautical lights are placed in geographic sequence in the body of the text of 
the List of Lights along with lights for marine navigation. It should be borne in 
mind, however, that these lights are not designed or maintained for marine naviga- 
tion, and that they are subject to changes of which neither lighthouse authorities 
nor the marine navigator may receive prompt notification. 
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CYLINDRICAL CAISSON STRUCTURE SKELETON IRON STRUCTURE 


Figure 402a.—Typical light structures. 


Bridges across navigable waters of the United States are generally marked with 
red, green, and white lights for nighttime navigation. Red lights mark piers and 
other parts of the bridge. Red lights are also used on drawbridges to show when 
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Ficure 402b.—Typical offshore light station. 


they are in the closed position. Green lights are used to mark the centerline of 
navigable channels through fixed bridges. The preferred channel, if there are two 
or more channels through the bridge, is marked by three white lights in a vertical 
line above the green light. 

Green lights are also used on drawbridges to show when they are in the open 
position. Because of the variety of drawbridges, the position of the green lights on 
the bridge will vary according to the type of structure. Navigational lights on 
bridges are prescribed by regulation. 

Bridges infrequently used may be unlighted. In unusual cases the type and 
method of lighting may be different than normally found. 
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Ficure 402c.—Range lights. 


Drawbridges required to be operated for passage of vessels operate upon sound 
and light signals given by the vessel and acknowledged by the bridge. These signals 
are prescribed by regulation. 

In addition to lighting, certain bridges may be equipped with sound signals and 
radar reflectors where unusual geographic or weather conditions require them. 


Light Characteristics 


403. Characteristics.—Lights are given distinctive characteristics so that one 
light may be distinguished from another navigational light or from the general 
background of shore lights or as a means of conveying certain definite information. 
This distinctiveness may be obtained by giving each light a distinctive sequence of 
light and dark intervals, having lights that burn steadily and others that flash or 
occult, or by giving each light a distinctive color, or color sequence. In the light 
lists, the dark intervals are referred to as eclipses. An occulting light is a light 
totally eclipsed at regular intervals, the duration of light always being greater than 
the duration of darkness. A flashing light is a light which flashes at regular 
intervals, the duration of light always being less than the duration of darkness. An 
equal interval light is a light which flashes at regular intervals, the duration of 
light always being equal to the duration of darkness. This light is also called an 
isophase light. 

404. Light phase characteristics (figs. 404a and 404b) are the distinctive se- 
quences of light and dark intervals or distinctive sequences in the variations of the 
luminous intensity of a light. The light phase characteristics of lights which change 
color do not differ from those of lights which do not change color. A light showing 
different colors alternately is described as an alternating light. The alternating 
characteristic may be used with other light phase characteristics. 


A Light List entry for an alternating fixed and flashing light may be given as: 


Al. F.W., F.R. and Fl. W. 
90° (F.W., 59°, F.R., 145, 
Fl. W. 3° (high intensity), 
ene b45): 


Fixed light 
Occulting light 


Group - occulting light 


Composite group - 


occulting light 


Isophase light 


Flashing light 


Long - flashing light 


Group - flashing light 


Composite group - 
flashing light 


Quick light 


Group quick light 
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CHARACTERS OF LIGHTS 


ABBREVIATION 


Oc (2), Gp Oce (2) 
Oc (2 + 1), Gp Oce 
(2 + 1) 


Iso 


Fl 


F] (3), Gp FI (3) 
Fl (2 + 1), Gp Fl 


(2 + 1) 


Q, Qk FI 


Q (3), Gp FI (3) 


Q (9), Gp FI (9) 


Q (6) + LFI, Gp FI (6) 


GENERAL DESCRIPTION 


A continuous and steady light. 


The total duration of light in a period is 
longer than the total duration of 
darkness and the intervals of darkness 
(eclipses) are usually of equal duration. 
Eclipse regularly repeated. 


An occulting light in which a group of 
eclipses, specified in number, is regular- 
ly repeated. 


A light similar to a group-occulting light 
except that successive groups in a period 
have different numbers of eclipses. 


A light in which all the durations of 
light and darkness are clearly equal. 


A light in which the total duration of 
light in a period is shorter than the total 
duration of darkness and the ap- 
pearances of light (flashes) are usually 
of equal duration (at a rate of less than 
50 flashes per minute). 


A single-flashing light in which an ap- 
pearance of light of not less than 2 sec. 
duration (long flash) is regularly 
repeated. 


A flashing light in which a group of 
flashes, specified in number, is regular- 
ly repeated. 


A light similar to a group-flashing light 
except that successive groups in a period 
have different numbers of flashes. 


A light in which a flash is regularly 
repeated. Flashes are repeated at a rate 
of not less than 50 flashes per minute 
but less than 80 flashes per minute. 


A light in which a specified group of 
flashes is regularly repeated. Flashes 
are repeated at a rate of not less than 50 
flashes per minute but less than 80 
flashes per minute. 


Ficure 404a.—Light phase characteristics. 
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CHARACTERS OF LIGHTS 


CLASS ABBREVIATION | GENERAL DESCRIPTION ILLUSTRATION 


Interrupted quick light 1Q, Int Qk Fl A light in which the sequence of quick 
flashes is interrupted by regularly 
repeated eclipses of constant and long 
duration. 


Continuous very quick light VQ, Qk Fl A very quick light in which a flash is 
regularly repeated. Flashes are repeated 
ata rate of not less than 80 flashes per 
minute but less than 160 flashes per 

minute. 


Group very quick light VQ (3), Gp F1(3) | A very quick light in which a specified bi du Fan 
group of flashes is regularly repeated. ’ 


VQ (9), Gp FI (9) 


VQ (6) + LFI, Gp Fl 
6 + LF 


Interrupted very quick light IVQ, Int Qk Fl A light in which the sequence of quick WAAAMAAAAL  AuAbAdAbdd 
flashes is interrupted by regularly A ; 
repeated eclipses of constant and long iio 


duration. 


Continuous ultra quick light UQ, Qk Fl An ultra quick light in which a flash is sunita 
AMAAAAAAMAAAAAAMAAARAAAAAACAAAAMUAUAAAMAAUAAAAAAAAAAAAG 


regularly repeated. Flashes are repeated 
at a rate of not less than 160 flashes per 
minute. 


An ultra quick light in which the se- aihiaianie es ect ainihitae 
quence of flashes is interrupted by 


eclipses of long duration. 


Interrupted ultra quick light 


Morse code light A light in which appearances of light of 


two clearly different durations are 
grouped to represent a character or 
characters in the Morse Code. 


Fixed and flashing light FFI A light in which a fixed light is com- 
bined with a flashing light of higher owwwure 


luminous intensity. Leo 
eri 


Alternating light Al, Alt A light showing different colors alter- 


nately. 

NOTES: 1. Alternating lights may be used in combined 2. The second abbreviation shown for a light, if any, 
form with most of the previous classes of lights. is alternate U.S. usage and is being superceded as 

new editions of charts are produced. 


Figure 404b.—Light phase characteristics. 
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With each 905 period the light is first fixed white for 59°, then fixed red for 14°, then 
there is a flash of white for 3°, and finally the light is fixed red for 14°. 
A Light List entry for a group flashing light may be given as: 
Fl. (2) W., 158 
0.28 fl., 3.05 ec. 
0.25 f1.311.1:6% ec: 
(2 flashes). 
Within each 15° period, there is first a white flash of 082 duration, the light is 
eclipsed (extinguished) for 3’, then there is a white flash of 082 duration, and then 
the light is eclipsed for 1186 before the sequence begins again. 
A Light List entry for a composite group flashing light may be given as: 


Fl. (1+2) W., 158 
0.28 f1., 5.85 &c. 
0.28 fl., 2.85 ec. 
0.25 fl., 5.88 ec. 
(3 flashes). 


Within each 15° period, there is first a white flash of 082 duration, the light is 
eclipsed for 588, then there is a white flash of 082 duration, the light is eclipsed for 
288, and then there is a 082 duration white flash followed by a 588 eclipse. Thus, the 
first group consists of a single flash; the second group consists of two flashes. This is 
indicated by the (1+ 2) notation. 

Most lighted aids to navigation are automatically extinguished during daylight 
hours by switches activated by daylight. These switches are not of equal sensitivity. 
Therefore, all lights do not come on or go off at the sdme time. Mariners should 
take this fact into account when identifying aids to navigation during twilight 
periods when some lighted aids are on while others are not. 

405. Sectors of colored glass or plastic are placed in the lanterns of certain 
lights to mark shoals or to warn mariners off the nearby land. Lights so equipped 
show one color from most directions and a different color or colors over definite 
arcs of the horizon as indicated in the light lists and upon the charts. A sector 
changes the color of a light, when viewed from certain directions, but not the 
characteristic. For example, a flashing white light having a red sector, when viewed 
from within the sector, will appear flashing red. 

Sectors may be but a few degrees in width, marking an isolated rock or shoal, 
or of such width as to extend from the direction of the deep water toward shore. 
Bearings referring to sectors are expressed in degrees as observed from a vessel 
toward the light. 

In the majority of cases, water areas covered by red sectors should be avoided, 
the exact extent of the danger being determined from an examination of the charts. 
In some cases a narrow sector may mark the best water across a shoal. A narrow 
sector may also mark a turning point in a channel. 

The transition from one color to the other is not abrupt, but changes through 
an arc of uncertainty of about 2° or less, which depends upon the optical design of 
the components of the lighting apparatus. 

406. Factors affecting visual range and apparent characteristics.—The condi- 
tion of the atmosphere has a considerable effect upon the distance at which lights 
can be seen. Sometimes lights are obscured by fog, haze, dust, smoke, or precipita- 
tion which may be present at the light or between it and the observer, but not at 
the observer and possibly unknown to him. On the other hand, refraction may often 
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cause a light to be seen farther than under ordinary circumstances. A light of low 
intensity will be easily obscured by unfavorable conditions of the atmosphere and 
less dependence can be placed on its being seen. For this reason, the intensity of a 
light should always be considered when expecting to sight it in thick weather. Haze 
and distance may reduce the apparent duration of the flash of a flashing light. In 
some conditions of the atmosphere white lights may have a reddish hue. In clear 
weather green lights may have a whitish hue. 

It should be remembered that lights placed at great elevations are more fre- 
quently obscured by clouds, mist, and fog than those near sea level. 

In regions where ice conditions prevail in the winter, the lantern panes of 
unattended lights may become covered with ice or snow, which will greatly reduce 
the luminous ranges of the lights and may also cause lights to appear of different 
color. 

The increasing use of brilliant shore lights for advertising, illuminating bridges, 
and other purposes, may cause navigational lights, particularly those in densely 
inhabited areas, to be outshone and difficult to distinguish from the background 
lighting. Mariners are requested by the U. S. Coast Guard to report such cases as 
outlined above in order that steps may be taken to attempt to improve the condi- 
tions. 

The “loom” of a powerful light is often seen beyond the geographic range of the 
light. The loom may sometimes appear sufficiently sharp to obtain a bearing. 

At short distances, some of the brighter flashing lights may show a faint 
continuous light between flashes. 

It should be borne in mind that, when attempting to sight a light at night, the 
geographic range is considerably increased from aloft. By noting a star immediately 
over the light an accurate compass bearing may be indirectly obtained on the light 
from the navigating bridge although the light is not yet visible from that level. 

The distance of an observer from a light cannot be estimated by its apparent 
intensity. Always check the characteristics of lights in order that powerful lights 
visible in the distance shall not be mistaken for nearby lights showing similar 
characteristics at lower intensity (such as those on lighted buoys). 

If lights are not sighted within a reasonable time after prediction, a dangerous 
situation may exist requiring prompt resolution or action to insure the safety of the 
vessel. 

The apparent characteristic of a complex light may change with the distance of 
the observer. For example, a light which actually displays a characteristic of fixed 
white varied by flashes of alternating white and red (the phases having a decreas- 
ing range of detection in the order: flashing white, flashing red, fixed white) may, 
when first sighted in clear weather, show as a simple flashing white light. As the 
vessel draws nearer, the red flash will become visible and the characteristic will 
apparently be alternating flashing white and red. Later, the fixed white light will 
be seen between the flashes and the true characteristic of the light finally recog- 
nized—fixed white, alternating flashing white and red (F.W.AIt.Fl. W. and R.). 

There is always the possibility of a light being extinguished. In the case of 
unattended lights, this condition might not be immediately detected and corrected. 
The mariner should immediately report this condition. During periods of armed 


conflict, certain lights may be deliberately extinguished without notice if the situa- 
tion warrants such action. 
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Large Navigational Buoys 


407. Large navigational buoys and offshore light stations have replaced light- 
ships. These 40-foot diameter buoys (fig. 407) may show secondary lights (art. 402) 
from heights of about 36 feet above the water. In addition to the light, these buoys 


may mount a radiobeacon and provide sound signals. A station buoy may be moored 
nearby. 


Figure 407.—Large navigational buoy. 


Station buoys, often called watch buoys, are sometimes moored near naviga- 
tional buoys to mark the approximate station should the buoy be carried away or 
temporarily removed. Since these buoys are always unlighted and, in some cases, 
moored as much as a mile from the navigational buoys, the danger of a closely 
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passing vessel colliding with them is always present—particularly so during dark- 
ness or periods of reduced visibility. 

Experience shows that offshore light stations cannot be safely used as leading 
marks to be passed close aboard, but should always be left broad off the course, 
whenever searoom permits. 


Buoyage and Beaconage 


408. Buoys are used to delineate channels, indicate shoals, mark obstructions, 
and warn the mariner of dangers where the use of fixed aids for such purposes 
would be uneconomical or impracticable. By their color, shape, number, and light or 
sound characteristics, buoys provide indications to the mariner as to how he may 
avoid navigational hazards. 

There are many different sizes and types of buoys to meet the wide range of 
environmental conditions and user requirements. The principal types of buoys used 
by the United States are lighted, lighted sound, unlighted sound, and unlighted. 
Some examples of these types are illustrated in Chart No. 1. 

A lighted buoy consists of a floating hull with a tower on which a lantern is 
mounted. Batteries to power the light are contained in special pockets in the buoy 
hull. To keep the buey in an upright stable position a large counterweight (fig. 
408a) sometimes is extended from a tube attached to the base of the hull below the 
water surface. The radar reflector (art. 4207), on those buoys so equipped, forms a 
part of the buoy tower. 

Lighted sound buoys have the same general configuration as lighted buoys but 
are equipped with either a gong, bell, whistle, or electronic horn. Bells and gongs on 
buoys are sounded by tappers that hang from the tower and swing as the buoys roll 
in the sea. Bell buoys produce sound of only one tone; gong buoys produce several 
tones. 

Whistle buoys make a loud moaning sound caused by the rising and falling 
motions of the buoy in the sea. A sound buoy equipped with an electronic horn will 
produce a pure tone at regular intervals and will operate continually regardless of 
the sea state. 

Unlighted sound buoys have the same general appearance as lighted buoys 
(except for old whistle buoys) but are not equipped with any light apparatus. 

Unlighted buoys have either a can or nun shape. Can buoys have a cylindrical 
shape whereas nun buoys have a conical shape usually located on top of a cylindri- 
cal shape. Since these buoys are unlighted there is no requirement for battery 
pockets, and the hull of the buoy forms part of the shape. 

Buoys are floating aids and therefore require moorings to hold them in posi- 
tion. Typically the mooring consists of chain and a large concrete sinker (fig. 408b). 
Because buoys are subjected to waves, wind, tides, and other conditions, the moor- 
ings must be deployed in lengths greater than the water depth. The scope of chain 
can be as much as 5 times the depth of water or more but normally will be about 3 
times the water depth. For this reason the buoy can be expected to swing in a circle 
as the current, wind, and wave conditions change. 

409. Fallibility of buoys.—It is imprudent for a navigator to rely on floating 
aids to navigation to always maintain their charted positions and to constantly and 
unerringly display their advertised characteristics. 

The buoy symbol shown on charts indicates the approximate position of the 
buoy body and the sinker which secures the buoy to the seabed. The approximate 
position is used because of practical limitations in placing and keeping buoys and 
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Figure 408a.—Buoy showing counterweight. Figure 408b.—Sinkers used to anchor buoys. 


their sinkers in exact geographical locations. These limitations include, but are not 
limited to, inherent inaccuracies in position fixing methods, prevailing atmospheric 
and sea conditions, the slope of and the material making up the seabed, the fact 
that buoys are moored to sinkers with more chain than the water depth, and the 
fact that the positions of the buoys and the sinkers are not under continuous 
surveillance but are normally checked only during periodic maintenance visits 
which often occur more than a year apart. The position of the buoy can be expected 
to shift inside and outside the area shown by the chart symbol due to the forces of 
nature. The mariner is also cautioned that buoys are liable to be missing, shifted, 
overturned, etc. Lighted buoys may be extinguished or sound signals may not 
function because of ice, running ice, natural causes, collisions, or other accidents. 

For these reasons, a prudent mariner must not rely completely upon the 
position or operation of buoys, but will also navigate using bearings of charted 
features, structures, and aids to navigation on shore. Further, a vessel attempting 
to pass too close always risks a collision with a yawing buoy or with the obstruction 
which the buoy marks. 

The concept that a wreck buoy always occupies a position directly over the 
wreck it is intended to mark is erroneous. Buoys must be placed in position by a 
vessel. It is usually physically impossible for these vessels to maneuver directly over 
a wreck to place the sinker without incurring serious underwater damage. For this 
reason, a wreck buoy is usually placed on the seaward or channelward side of a 
wreck, the proximity thereto being governed by existing conditions. To avoid confu- 
sion in some situations, two buoys may be used to mark the wreck. Both may not be 
located on the seaward or channelward side of the wreck, but the wreck will lie 
between them. Obviously, the mariner should not attempt to pass between buoys so 
placed. 

Sunken wrecks are not always static. They are sometimes moved away from 
their buoys by severe sea conditions or other causes. Just as shoals may shift away 
from the buoys placed to mark them, wrecks may shift away from wreck buoys. 
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All buoys should, therefore, be regarded as warnings, guides, or aids but not as 
infallible navigation marks, especially those located in exposed positions. Whenever 
possible, a mariner should navigate by bearings or angles of reliable and identifia- 
ble fixed charted features or landmarks and by soundings rather than by sole 
reliance on buoys. 

410. Buoyage Systems.—The International Association of Lighthouse Authorities 
(LALA) Maritime Buoyage System (combined cardinal and lateral) is being imple- 
mented by nearly every maritime jurisdiction in the world as either Region A 
buoyage (red to port) or Region B buoyage (red to starboard). For a description of 
Region A and Region B buoyage systems and an illustration showing an outline of the 
regions see appendix Y. 

Conversion in Region A began in 1977 and will continue until 1987 and possibly 
later. Conversion in Region B, which includes North, Central, and South America, 
Japan, South Korea and the Philippines has begun (1983) and it can be anticipated 
that several years will be required to complete its transformation. 

In 1982, the United States agreed to make modifications to incorporate that 
IALA Maritime Buoyage System for Region B. The Modified U.S. Aid System is 
described below. The U.S. lateral system is not materially changed. 

In the lateral system, used on all navigable waters of the United States, the 
coloring, shape, numbering, and lighting of buoys indicate the direction to a danger 
relative to the course which should be followed. The color, shape, lights, and numbers 
of buoys in the lateral system as used by the United States are determined relative to 
a direction from seaward. Along the coasts of the United States, the clockwise 
direction around the country is arbitrarily considered to be the direction ‘from 
seaward.” Proceeding in a westerly and northerly direction on the Great Lakes 
(except Lake Michigan), and in a southerly direction on Lake Michigan, is proceeding 
“from seaward.” On the Intracoastal Waterway proceeding in a general southerly 
direction along the Atlantic coast, and in a general westerly direction along the Gulf 
coast, is considered as proceeding “from seaward.” On the Mississippi and Ohio Rivers 
and their tributaries the aids to navigation characteristics are determined as proceed- 
ing from sea toward the head of navigation although local terminology describes “left 
bank” and “right bank”’ as proceeding with the flow of the river. Some countries using 
the lateral system have methods of coloring their buoys and lights opposite to that of 
the United States. Appendix Y treats this subject in greater detail. 


Modified U.S. Aid System 


The description that follows is that of the new Modified U.S. Aids to Navigation 
System. Significant changes include: black lateral buoys to be made green; red and 
black horizontally banded preferred channel buoys to be made red and green 
horizontally banded; white lights to be replaced by lateral colors (red or green) on 
lateral aids; black and white vertically striped mid-channel aids to be made red and 
white vertically striped; special purpose and other non-lateral aids to be made yellow 
those which are lighted are to be fitted with yellow lights. Within the text the ola 
characteristic will be described in parenthesis. Until the conversion program is 
completed mariners should be familiar with both systems and alert to the fact that 
changes may not be immediately reflected in published charts. All changes in aids to 
navigation will be published in the U.S. Coast Guard’s Local Notice to Mariners and 
where appropriate, the DMAHTC weekly Notice to Mariners. Illustrations of tite 
Modified U.S. Aids to Navigation System is shown in appendix Y. 
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Colors. When proceeding from seaward: 

(a) Green(black) buoys mark the port side of channels, or the location of wrecks or 
obstructions which must be passed by keeping the buoy on the left hand. 

(b) Red buoys mark the starboard side of channels, or the location of wrecks or 
obstructions which must be passed by keeping the buoy on the right hand. 

(c) Red and green(black) horizontally banded preferred channel buoys mark 
junctions or bifurcations in the channel, or wrecks or obstructions which may be 
passed on either side. If the topmost band is green(black), the preferred channel will 
be followed by keeping the buoy on the port hand. If the topmost band is red, the 
preferred channel will be followed by keeping the buoy on the starboard hand. 

(d) Red(black) and white vertically striped safe water buoys mark the fairway or 
mid-channel. 

Shapes. In order to provide ready identification certain unlighted buoys are 
differentiated by shape. 

(a) Red buoys, or red and green(black) horizontally banded buoys with the 
topmost band red are conical shaped and called nun buoys. 

(b) Green(black) buoys, or green(black) and red horizontally banded buoys with 
the topmost band black are cylindrical shaped and called can buoys. 

(c) Red(black) and white vertically striped buoys are spherical shaped buoys. 
Lighted buoys, sound buoys, and spar buoys are not differentiated by shape to indicate 
the side on which they should be passed. No special significance is attached to the 
shape of these buoys, their purpose being indicated only by the color, number, or light 
characteristics. However, safe water buoys will eventually be fitted with a spherical 
red and white vertical striped topmark to aid in the buoy identification. 

Numbers. (a) All solid colored buoys are numbered, the red buoys bearing even 
numbers and the green(black) buoys bearing odd numbers, the numbers for each 
increasing from numbers where required. 

(b) No other color buoys are numbered; however, any color buoys may be lettered 
for the purpose of identification. 

Light colors. Red(or white) lights on buoys are used only on red buoys or red and 
green(black) horizontally banded buoys with the topmost band red. Green(or white) 
lights on buoys are used only on the green(black) buoys or green(black) and red 
horizontally banded buoys with the topmost band green(black). White lights may be 
used only on “safe water’ aids which show a Morse characteristic. 

Light rhythmics. (See figs. 404a and 404b). (a) Lights on red buoys or green(black) 
buoys, if not occulting or isophase, will generally be regularly flashing. For ordinary 
purposes, the frequency of flashes will be not more than 50 flashes per minute (single 
flashing). For purposes when it is desired that lights have a distinct cautionary 
significance, as at sharp turns or sudden constrictions in the channel, or to mark 
wrecks or dangerous obstructions, the frequency of flashes will be not less than 50 
flashes but not more than 80 flashes per minute (continuous quick). 

(b) Lights on preferred channel buoys will show a series of grouped flashes, 
specified in number with successive groups in a period having different number of 
flashes—composite group flashing (or a quick light in which the sequence of flashes 
is interrupted by regularly repeated eclipses of constant and long duration— 
interrupted quick flashing). 

(c) Lights on safe water buoys will always show a white Morse Code “‘A”’ (Short- 
Long) flash, this combination recurring at the rate of about eight times per minute. 

Daylight controls. Lighted buoys are equipped with a special device which 
automatically controls the electric current to the light. This device causes the light to 
operate during hours of darkness and to be extinguished during daylight hours. These 
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devices are not of equal sensitivity, therefore all lights do not come on or go off at the 
same time. (Mariners should ensure correct identification of aids during twilight 
periods when some lighted aids to navigation are on while others are not.) 

Reflective material is placed on buoys to assist in their detection at night by use of 
a searchlight. The color of the reflective material agrees with the buoy color. Green 
reflective material is placed only on green(black) buoys, red reflective material is 
placed only on red buoys. Red or green reflective material will be placed on preferred 
channel (junction) buoys; red if topmost band is red or green if topmost band is 
green(black). White reflective material on buoys with lateral significance is limited to 
use on safe water (fairway) buoys. Special purpose buoys (which have no lateral 
significance) display yellow(white) reflective material. Warning or regulatory buoys 
display orange reflective horizontal bands and warning symbol, and intracoastal 
waterway display a yellow reflective horizontal strip in addition to red or green 
reflective material coincidental to the buoy color. 

Special purpose buoys. (a) Buoys for special purposes are colored yellow (white 
buoys mark anchorage areas; white buoys with green tops are used in connection with 
dredging and survey operations; white and black horizontally banded buoys mark fish 
net areas). White and international orange buoys either horizontally banded or 
vertically striped, are for warning or regulatory purposes to which neither the lateral 
system nor the other special purpose colors apply. 

(b) The shape of special purpose buoys has no significance. They are not 
numbered, but may be lettered. They display a yellow(amber or white) color light with 
fixed or slow flash characteristics preferred. 

Buoys marking wrecks. Buoys established by the Coast Guard to mark wrecks are 
generally placed on the seaward or channel side of the wreck and as near to the wreck 
as conditions will permit. Caution must be exercised when navigating in the vicinity 
of buoys marking wrecks because, due to sea action, the wreck may shift in location 
between times that the buoy is established and later checked and serviced. 

Station buoys. Buoys are sometimes placed in close proximity to a floating aid to 
mark the station in case the regular aid is accidentally shifted from station. Station 
buoys are colored and numbered the same as the regular aid to navigation. 

Certain aids to navigation may be fitted with, or have incorporated in their 
design, radar reflectors designed to enhance their ability to reflect radar energy. In 
general, these reflectors will materially improve the aids for use by vessels 
equipped with radar. 

411. Beacons are fixed aids to navigation placed on shore or on marine sites. If 
unlighted, the beacon is referred to as a daybeacon. A daybeacon is identified by its 
color and the color, shape, and number of its daymark. The simplest form of 
ples consists of a single pile with a daymark affixed at or near its top (fig. 


fein may be used instead of range lights (art. 402) to form a range (art. 

Daymarks serve to make aids to navigation readily visible and easily identifia- 
ble against daylight viewing backgrounds. For example, the distinctive color pattern 
and shape of a lighthouse aid identification during the daytime as does the color 
and shape of a buoy. The size of the daymark that is required to make the aid 
conspicuous depends upon how far the aid must be seen. On those structures which 
do not by themselves present an adequate viewing area to be seen at the required 
distance, the aid is made more visible by affixing a daymark to the structure. These - 
daymarks have a distinctive shape and color depending upon the purpose of me aid 
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Figure 411.—Daybeacon. 


Most daymarks also display numbers or letters so that the daymark can be more 
readily identified as a particular aid. The numbers and letters, as well as portions 
of most daymarks (and portions of unlighted buoys) are made to be retro-reflective 
to enhance their illumination by the mariner. 

Increasing amounts of information are conveyed by a daymark as the mariner 
approaches. At the detection distance, the daymark will convey only the informa- 
tion of its existence; it will be just detectable from its background. At the recogni- 
tion distance, the daymark can be recognized as an aid to navigation. At this 
distance the distinctive shape or color pattern is recognizable. At the identification 
distance, when the number or letter can be read, the daymark can be identified as a 
particular aid. 

The detection, recognition, and identification distances vary widely for any 
particular daymark depending upon the viewing conditions. This is an inherent 
limitation of any visual signal but is especially true for passive visual signals which 
utilize the sun as the source for their signal energy. The reflectivity of the daymark 
surface varies with the angle of the sun relative to the daymark. This causes the 
luminance of the daymark to vary. The detection, recognition, and identification 
distances depend upon the relative difference between the luminance of the day- 
mark and that of the background, the position of the sun relative to the observer, 
and the meteorological visibility. 

Beginning in 1975, a revised system of daymarks was gradually being imple- 
mented in the United States. The significant changes include the following: 

1. On port side daymarks, green is used in lieu of the colors black or white; 
green numbers and letters are used. 

2. On starboard side daymarks, red numbers and letters are used in lieu of 
white numbers and letters. 

3. On ICW daymarks (art. 414), a yellow horizontal reflective strip is used in 
lieu of a yellow reflective border as the marking. 

4. On junction daymarks, green is used in lieu of black in the color pattern. 
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Sound Signals 


412. Sound signals.—Most lighthouses, light platforms, and some minor light 
structures and buoys are equipped with sound-producing instruments to aid the 
mariner in periods of low visibility. 

Charts and light lists of the particular area should be consulted for positive 
identification. Caution: buoys fitted with a bell, gong, or whistle and actuated by 
wave motion may produce no sound when the sea is calm. Their positive identifica- 
tion is not always possible. 

Any sound-producing instrument operated in time of fog from a definite point 
shown on the charts, such as a lighthouse, or buoy, serves as a useful fog signal. To 
be effective as an aid to navigation, a mariner must be able to identify it and to 
know from what point it is sounded. 

At all lighthouses equipped with sound signals, these signals are operated by 
mechanical or electrical means and are sounded during periods of low visibility, 
providing the desirable feature of positive identification. 

The characteristics of mechanized signals are varied blasts and silent periods. A 
definite time is required for each signal to perform a complete cycle of changes. 
Where the number of blasts and the total time for a signal to complete a cycle is 
not sufficient for positive idéntification, reference may be made to details in the 
Light List regarding the exact length of each blast and silent interval. The various 
types of sound signals also differ in tone, and this facilitates recognition of the 
respective stations. 

Diaphones produce sound by means of a slotted piston moved back and forth by 
compressed air. Blasts may consist of two tones of different pitch, in which case the 
first part of the blast is high and the last of a low pitch. These alternate-pitch 
signals are called “two-tone.” 

Diaphragm horns produce sound by means of a disc diaphragm vibrated by 
compressed air or electricity. Duplex or triplex horn units of differing pitch produce 
a chime signal. 

Sirens produce sound by means of either a disc or a cup-shaped rotor actuated 
by compressed air, steam, or electricity. 

Whistles produce sound by compressed air emitted through a circumferential 
slot into a cylindrical bell chamber. 

Bells are sounded by means of a hammer actuated by a descending weight, 
compressed gas or electricity. 

413. Limitations of sound signals.—Sound signals depend upon the transmis- 
sion of sound through air. As aids to navigation, they have limitations that should 
be considered. Sound travels through the air in a variable and frequently unpredict- 
able manner. 

It has been clearly established that: 

1. Sound signals are heard at greatly varying distances and that the distance at 
which a sound signal can be heard may vary with the bearing of the signal and 
may be different on occasion. 

2. Under certain conditions of the atmosphere, when a sound signal has a 


combination high and low tone, it is not unusual for one of the tones to be 


inaudible. In the case of sirens, which produce a varying t a 
; on 
may not be heard. ying tone; portions, of the blast _ 


3. There are occasionally areas close to the signal in which it is wholly inaudi- 
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ble. This is particularly true when the sound signal is screened by intervening land 
or other obstruction, or the signal is on a high cliff. 

4. A fog may exist a short distance from a station and not be observable from 
it, so that the signal may not be in operation. 

5. Some sound signals cannot be started at a moment’s notice. 

6. Even though a sound signal may not be heard from the deck or bridge of a 
ship when the engines are in motion, it may be heard when the ship is stopped, or 
from a quiet position. Sometimes it may be heard from aloft though not on deck. 

7. The loudness of the sound emitted by a sound signal may be greater at a 
distance than in the immediate proximity. 

All these considerations point to the necessity for the utmost caution when 
navigating near land in a fog. Mariners are therefore warned that sound signals 
can never be implicitly relied upon, and that the practice of taking soundings of the 
depth of water should never be neglected. Particular attention should be given to 
placing lookouts in positions in which the noises in the ship ‘are least likely to 
interfere with hearing a sound signal. Sound signals are valuable as warnings but 
the mariner should not place implicit reliance upon them in navigating his vessel. 
They should be considered solely as warning devices. 

Emergency sound signals are sounded at some of the light and_ fog signal 
stations when the main and stand-by sound signal is inoperative. Some of these 
emergency sound signals are of a different type and characteristic than the main 
sound signal. The characteristics of the emergency sound signals are listed in the 
Light List. 

The mariner must not assume: 

1. That he is out of ordinary hearing distance because he fails to hear the 
sound signal. 

2. That, because he hears a sound signal faintly, he is at a great distance from 
it. 

3. That he is near to it because he hears the sound plainly. 

4. That the distance from and the intensity of a sound on any one occasion is a 
guide to him for any future occasion. 

5. That the sound signal is not sounding because he does not hear it, even when 
in close proximity. 

6. That the sound signal is in the direction the sound appears to come from. 

414. Intracoastal Waterway aids to navigation.—The Intracoastal Waterway 
(ICW) runs parallel to the Atlantic and gulf coasts from Manasquan Inlet on the 
New Jersey shore to the Mexican border. Aids marking these waters have some 
portion of them marked with yellow as shown in Chart No. 1. Otherwise, the 
coloring and numbering of buoys and beacons follow the same system as that in 
other U. S. waterways. 

In order that vessels may readily follow the Intracoastal Waterway route where 
it coincides with another marked waterway such as an important river, special 
markings are employed. These special markings are applied to the buoys or other 
aids which already mark the river or waterway for other traffic. These aids are 
then referred to as “Dual Purpose” aids. The marks consist of a yellow square or a 
yellow triangle, placed on a conspicuous part of the dual purpose aid. The yellow 
square, in outline similar to a can buoy, indicates that the aid on which it is placed 
should be kept on the left hand when following the Intracoastal Waterway down 
the coast. The yellow triangle has the same meaning as a nun; it should be kept on 
the right side. Where such dual purpose marking is employed, the mariner follow- 
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ing the Intracoastal Waterway disregards the color and shape of the aid on which 
the mark is placed, being guided solely by the shape of the yellow mark. 

415. Mississippi River system:—Aids to navigation on the Mississippi River and 
its tributaries in the Second Coast Guard District and parts of the Eighth Coast 
Guard District generally conform to the lateral system of buoyage. The following 
differences are significant: 

1. Buoys are not numbered. 

2. The numbers on lights and daybeacons do not have lateral significance; they 
indicate the mileage from a designated point downstream, normally the river 
mouth. 

3. Flashing lights on the left side proceeding upstream show single green or 
white flashes while those on the right side show double (group flashing) red or 
white flashes. 

4. “Crossing daymarks” are used to indicate where the channel crosses from 
one side of the river to the other. 

416. The Uniform State Waterway Marking System (USWMS) was developed 
jointly by the U. S. Coast Guard and state boating administrators to assist the small 
craft operator in those state waters marked by participating states. The USWMS 
consists of two categories of aids to navigation. One is a system of aids to naviga- 
tion, generally compatible with the Federal lateral system of buoyage, to supple- 
ment the federal system in state waters. The other is a system of regulatory 
markers to warn the small craft operator of dangers or to provide general informa- 
tion and directions. 

On a well-defined channel, including a river or other relatively narrow, natural 
or improved waterway, solid colored red and black buoys are established in pairs 
(called “gates”), one on each side of the navigable channel which they mark, and 
opposite to each other to inform the user that the channel lies between the buoys 
and that he should pass between the buoys. The buoy which marks the left side of 
the channel viewed looking upstream or toward the head of navigation is colored all 
black; the buoy which marks the right side of the channel is colored all red. 

On an irregularly-defined channel, solid colored buoys may be staggered on 
alternate sides of the channel but spaced at sufficiently close intervals to inform 
the user that the channel lies between the buoys and that he should pass between 
the buoys. 

When there is no well-defined channel or when a body of water is obstructed by 
objects whose nature or location is such that the obstruction can be approached by 
a vessel from more than one direction, aids to navigation having cardinal meaning 
may be used. The aids conforming to the cardinal system consist of three distinctly 
colored buoys: 


1. A white buoy with a red top is used to indicate to a vessel operator that he 
must pass to the south or west of the buoy. 


2. A white buoy with a black top is used to indicate to a vessel operator that he 
must pass to the north or east of the buoy. 

3. A buoy showing alternate vertical red and white stripes is used to indicate to 
a vessel operator that an obstruction to navigation extends from the nearest shore 
to the buoy and that he must not pass between the buoy and the nearest shore 

The shape of buoys has no significance in the USWMS. . 

Regulatory buoys are colored white with international i 

orange horizontal b 

completely around the buoy circumference. One band is at the top of the buoy ai 
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a second band just above the waterline of the buoy so that both orange bands are 
clearly visible from approaching vessels. 

Geometric shapes are placed on the white portion of the buoy body and are 
colored international orange. The authorized geometric shapes and meanings associ- 
ated with them are.as follows: 

1. A vertical open faced diamond shape means danger. 

2. A vertical open faced diamond shape having a cross centered in the diamond 
means that vessels are excluded from the marked area. 

3. A circular shape means that vessels in the marked area are subject to 
certain operating restrictions. 

4. A square or rectangular shape indicates that directions or information is 
contained inside. 

Regulatory markers consist of square and rectangular shaped signs displayed 
from a fixed structure. Each sign is white with an international orange border. 
Geometric shapes with the same meanings as those displayed on buoys are centered 
on the sign boards. The geometric shape displayed on a regulatory marker is 
intended to convey specific meaning to a vessel operator—whether or not he should 
stay well clear of the marker or may safely approach the marker in order to read 
any wording on the marker. 

417. Private aids to navigation are those aids not established and maintained 
by the U. S. Coast Guard. Private aids include those established by other federal 
agencies with prior U. S. Coast Guard approval, those aids to navigation on marine 
structures or other works which the owners are legally obligated to establish, 
maintain, and operate as prescribed by the U. S. Coast Guard, and those aids which 
are merely desired, for one reason or another, by the individual, corporation, state 
or local government, or other body that has established the aid with U. S. Coast 
Guard approval. 

Before any private aid to navigation consisting of a fixed structure is placed in 
the navigable waters of the United States, authorization to erect such structure 
shall first be obtained from the District Engineer, U. S. Army Corps of Engineers, 
in whose district the aid will be located. 

Private aids to navigation are similar to the aids established and maintained by 
the U. S. Coast Guard, but are specially designated on the chart and Light List. 

Although private aids to navigation are inspected periodically by the U. S. 
Coast Guard, the mariner should exercise special caution when using them for 
general navigation. 

418. Protection by law.—All aids to navigation, including private aids, are 
protected by law. The Code of Federal Regulations (33 CFR 70) refers. 

It is unlawful to take possession of or make use of for any purpose, or build 
upon, alter, deface, destroy, move, injure, obstruct by fastening vessels thereto or 
otherwise, or in any manner whatever impair the usefulness of any aid to naviga- 
tion established and maintained by the United States. 

Whenever any vessel collides with an aid to navigation established and main- 
tained by the United States or any private aid established or maintained in accord- 
ance with 33 CFR 64, 66, 67, or 68, or is connected with any such collision, it shall 
be the duty of the person in charge of such vessel to report the accident to the 
nearest Officer in Charge, Office of Marine Inspection, U. S. Coast Guard. 


CHAPTER V 


THE NAUTICAL CHART 


General Information 


901. introduction.—A nautical chart is a conventional graphic representation, 
ona plane surface, of a navigable portion of the surface of the earth. It shows the 
depth of water by numerous soundings, and sometimes by soundings and depth 
contours, the shoreline of adjacent land, topographic features that may serve as 
landmarks, aids to navigation, dangers, and other information of interest to naviga- 
tors. It is designed as a work sheet on which courses may be plotted, and positions 
ascertained. It assists the navigator in avoiding dangers and arriving safely at his 
destination. The nautical chart is one of the most essential and reliable aids 
available to the navigator. 

502. Projections.—Nearly all nautical charts used for ordinary purposes of 
navigation are constructed on the Mercator projection (art. 305). Large-scale harbor 
charts are sometimes constructed on the transverse Mercator projection. Charts for 
special purposes, such as great-circle sailing or polar navigation, are on appropriate 
projections; great-circle sailing charts are usually on the gnomonic projection (art. 
317); polar charts are often on the polar stereographic projection (art. 322). The 
principal projections, with their navigational uses, are discussed in chapter III. 

503. Scale.—The scale of a chart is the ratio of a given distance on the chart to 
the actual distance which it represents on the earth. It may be expressed in various 
ways. The most common are: 

A simple ratio or fraction known as the representative fraction. For example, 
1:80,000 or 


1 


80,000 


means that one unit (such as an inch) on the chart represents 80,000 of the same 
unit on the surface of the earth. This scale is sometimes called the natural or 
fractional scale. 

A statement of that distance on the earth shown in one unit (usually an inch) 
on the chart, or vice versa. For example, “30 miles to the inch” means that 1 inch 
on the chart represents 30 miles of the earth’s surface. Similarly, “2 inches toa 
mile” indicates that 2 inches on the chart represent 1 mile on the earth. This is 
sometimes called the numerical scale. 

Graphic scale. A line or bar may be drawn at a convenient place on the chart 
and subdivided into nautical miles, yards, etc. All charts vary somewhat in scale 
from point to point, and in some projections the scale is not the same in all 
directions about a single point. A single subdivided line or bar for use over an 
entire chart is shown only when the chart is of such scale and projection that the 
scale varies a negligible amount over the chart, usually one of about 1:75,000 or 
larger. Since 1 minute of latitude is very nearly equal to 1 nautical mile, the 
latitude scale serves as an approximate graphical scale. On most nautical Gharts the 
east and west borders are subdivided to facilitate distance measurements. 


112 


THE NAUTICAL CHART a3 


On a Mercator chart the scale varies with the latitude. This is noticeable on a 
chart covering a relatively large distance in a north-south direction. On such a 
chart the scale at the latitude in question should be used for measuring distances. 

Of the various methods of indicating scale, the graphical method is normally 
available in some form on the chart. In addition, the scale is customarily stated on 
charts on which the scale does not change appreciably over the chart. 

The ways of expressing the scale of a chart are readily interchangeable. 
For instance, in a nautical mile there are about 6,076.11549 feet or 
6,076.11549 x 12=72,913.39 inches. If the natural scale of a chart is 1:80,000, one 
inch of the chart represents 80,000 inches of the earth, or a little more than a mile. 
To find the exact amount, divide the scale by the number of inches in a mile, or 


80,000 
Bove ee 
72,913.39 


Thus, a scale of 1:80,000 is the same as a scale of 1.097 (or approximately 1.1) miles 
to an inch. Stated another way, there are: 


72,913.39 
80,000 


(approximately 0.9) inch to a mile. Similarly, if the scale is 60 nautical miles to an 
inch, the representative fraction is 1:(60 x 72,913.39) = 1:4,374,803. Table 37 provides 
the scale equivalents. 

A chart covering a relatively large area is called a small-scale chart and one 
covering a relatively small area is called a large-scale chart. Since the terms are 
relative, there is no sharp division between the two. Thus, a chart of scale 1:100,000 
is large scale when compared with a chart of 1:1,000,000 but small scale when 
compared with one of 1:25,000. 

504. Chart classification by scale.—Charts are constructed on many different 
scales, ranging from about 1:2,500 to 1:14,000,000 (and even smaller for some world 
charts). Small-scale charts covering large areas are used for planning and for 
offshore navigation. Charts of larger scale, covering smaller areas, should be used 
as the vessel approaches pilot waters. Several methods of classifying charts accord- 
ing to scale are in use in various nations. The following classifications of nautical 
charts are those used by the National Ocean Service. 

Sailing charts are the smallest scale charts used for planning, fixing position at 
sea, and for plotting the dead reckoning while proceeding on a long voyage. The 
scale is generally smaller than 1:600,000. The shoreline and topography are general- 
ized and only offshore soundings, the principal navigational lights, outer buoys, and 
landmarks visible at considerable distances are shown. 

General charts are intended for coastwise navigation outside of outlying reefs 
and shoals. The scales range from about 1:150,000 to 1:600,000. 

Coast charts are intended for inshore coastwise navigation where the course 
may lie inside outlying reefs and shoals, for entering or leaving bays and harbors of 
considerable width, and for navigating large inland waterways. The scales range 
from about 1:50,000 to 1:150,000. 

Harbor charts are intended for navigation and anchorage in harbors and small 
waterways. The scale is generally larger than 1:50,000. 

In the classification system used by the Defense Mapping Agency Hydrograph- 
ic/Topographic Center, the sailing charts are incorporated in the general charts 
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classification (smaller than about 1:150,000); those coast charts especially useful for 
approaching more confined waters (bays, harbors) are classified as approach charts. 

505. Accuracy.—The accuracy of a chart depends upon: 

1. Thoroughness and up-to-dateness of the survey and other navigational infor- 
mation. Some estimate of the accuracy of the survey can be formed by an examina- 
tion of the source notes given in the title of the chart. If the chart is based upon 
very old surveys, it should be used with caution. Many of the earlier surveys were 
made under conditions that were not conducive to great accuracy. It is safest to 
question every chart based upon surveys of doubtful accuracy. 

The number of soundings and their spacing is some indication of the complete- 
ness of the survey. Only a small fraction of the soundings taken in a thorough 
survey are shown on the chart, but sparse or unevenly distributed soundings 
indicate that the survey was probably not made in detail. Large or irregular blank 
areas, or absence of depth contours (commonly called depth curves), generally 
indicate lack of soundings in the area. If the water surrounding such a blank area 
is deep, there is generally considerable depth in the blank; conversely, shallow 
water surrounding such an area indicates the strong possibility of shoal water. If 
neighboring areas abound in rocks or are particularly uneven, the blank area 
should be regarded with additional suspicion. However, it should be kept in mind 
that relatively few soundings are shown when there is a large number of depth 
contours or where the bottom is flat or gently and evenly sloping. Additional 
soundings are shown when they are helpful in indicating the uneven character of a 
rough bottom (figs. 505a and 505b). 
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FiGuRE 505a.—Part of a boat sheet, showing the soundings obtained in a survey. 
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Ficure 505b.—Part of a nautical chart made from the boat sheet of figure 505a. Compare the number of 
soundings in the two figures. 


Even a detailed survey may fail to locate every rock or pinnacle, and in waters 
where their existence is suspected, the best methods for determining their presence 
are wire drag surveys. Areas that have been dragged may be indicated on the chart 
and a note added to show the effective depth at which the drag was operated. 

Changes in the contour of the bottom are relatively rapid in areas where there 
are strong currents or heavy surf, particularly when the bottom is composed princi- 
pally of soft mud or sand. The entrances to bar harbors are especially to be 
regarded with suspicion. Similarly, there is sometimes a strong tendency for 
dredged channels to shoal, especially if they are surrounded by sand or mud, and 
cross currents exist. Notes are sometimes shown on the chart when the bottom 
contours are known to change rapidly. However, the absence of such a note should 
not be regarded as evidence that rapid change does not occur. 

Changes in aids to navigation, structures, etc., are more easily determined, and 
charts are generally corrected in this regard to the date of printing. However, there 
is always the possibility of a change having occurred since the chart was printed. 
All issues of Notice to Mariners printed after that date (art. 506) should be checked 
to insure accuracy in this respect. 

2. Suitability of the scale for the design and intended navigational use. The 
same detail cannot be shown on a small-scale chart as on one of a larger scale. On 
small-scale charts detailed information, including minor aids to navigation, is omit- 
ted or generalized in the areas covered by larger scale charts. Therefore, it is good 
practice to use the largest scale chart available when in the vicinity of shoals or 
other dangers. 

3 Presentation and adequacy of data. The amount and kind of detail to be 
shown, and the method of presentation, are continually under study by charting 
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agencies. Development of a new navigational aid may render many previous charts 
inadequate. An example is radar. Many of the charts produced before radar became 
available lack the detail needed for reliable identification of targets. 

Part of the responsibility for the continuing accuracy of charts lies with the 
user. If charts are to remain reliable, they must be corrected as indicated by the 
Notice to Mariners. In addition, the user’s reports of errors and changes and his 
suggestions often are useful to the publishing agencies in correcting and improving 
their charts. Navigators and maritime activities have contributed much to the 
reliability and usefulness of the modern nautical chart. If a chart becomes wet, the 
expansion and subsequent shrinkage when the chart dries are likely to cause 
distortion. 

506. Dates on charts.—The system of dates now used on charts published by 
the Defense Mapping Agency Hydrographic/Topographic Center and the National 
Ocean Service is as follows: 

First edition. The original date of issue of a new chart is shown at the top 
center margin, thus: 

1st Ed., Sept. 1970 


New edition. A new edition is made when, at the time of printing, the correc- 
tions are too numerous or too extensive to be reported in Notice to Mariners, 
making previous printings obsolete. The date of the first edition is retained at the 
top margin. At the lower left-hand corner it is replaced by the number and date of 
the new edition. The latter date is the same as that of the latest Notice to Mariners 
to which the chart has been corrected, thus: 


5th Ed., July 8, 1978 


Revised print. A revised print published by the National Ocean Service may 
contain corrections which have been published in Notice to Mariners but does not 
supersede a current edition. The date of the revision is shown to the right of the 
edition date, thus: 

5th Ed., July 8, 1978; Revised 4/16/83 


Reprint. A reprint is initiated by a low stock situation and is a reprint of the 
chart with a limited number of corrections from Notice to Mariners. The magnetic 
variation data on a reprint published by the Defense Mapping Agency Hydrograph- 
ic/Topographic Center is updated to the latest epoch at the time of printing. 


Chart Reading 


507. Chart symbols.—Much of the information contained on charts is shown by 
conventional symbols which make no attempt at accuracy in scale or detail, but are 
shown at the correct location and make possible the showing of a large amount of 
information without congestion or confusion. The standard symbols and abbrevia- 
tions which have been approved for use on regular nautical charts published by the 
United States of America are shown in Chart No. 1, Nautical Chart Symbols and 
Abbreviations. A knowledge of the meanings of these symbols is essential to a full 
understanding of charts. Fictitious sample charts (figs. 507a and 507b) show some of 
these symbols. 

Most of the symbols and abbreviations shown in Chart No. 1 are in agreement 
with those recommended by the International Hydrographic Organization (IHO). 
Symbol and abbreviation status is indicated by alphanumeric style differences in 
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Figure 507a.—Fictitious nautical chart with soundings 


in fathoms and feet. 


o safe clearance 


90000 


are eS eee SIE 
. 
ql 
3 QUARANTII 
4 
> ae 


| 5 45 

el oeet ey 
n 3 
S — 5| 3 ors S 
5a | iil 5 
3 ! 5 52 oe wr 
es i » 
E 014 54 | x 
Zi 5a Ss an 
= | 55 S Sas 
a 

4 

< eo 
>~ 


— 


SCALE 
9 10 


Lela 


8 


i 


6 


5 


LOGARITHMIC SPEED 


fathoms and feet tt 7g 


85 | 
| 


BUSES 2 
z yoy 
44 oy, U 
Ta-% Ue 
o 4 Wi “ 
pet ™ 


75 


42°59'17""N 


90000 


DMA STOCK NO. 
90AHA90000 


5th Ed., May 26, 1984 (correct through NM 21/84) 


Cc 


~~ 


1st Ed., July 1956 


1 
0 
—— 1 KILOMETERS 
59’ 
| 
ANCHORAGE 33 
41 
4 
—_ ——) ss oui 
bo 41 4) 
45 - 
ie) 
voll, 44, 
Wy, 
iy } 
lili, A 3 
WEES a7, We 


AGNETIC 


\s 
iy TH 
gan wy’ ; 
a wh © 8 06 6 6s A6ft 12M 
eT OO ven 73 R Bn 
| 74 \ Lights in line 087° 
Tao a 
| ue Oc R 6s 46ft 12 
| a pe SIREN 
84 By 
Bi 
9 
2 83 
85 85 


Harbor Limit 


| Gillis sp \ 


10} 
ume NAUTICAL MILE SSF 


O1' 


¢ 


S 


45 2 
Flinders 
= 

4> 35 = 2 


al 
35 Sobmerghel ary | : 


Ce 


< Goldsborou 


wae 


RDF 


54” 59! 


NDINGS IN FATHOMS AND FEET 


DEPTH CONTOURS IN FATHOMS 


Prepared and published by the 
DEFENSE MAPPING AGENCY HYDROGRAPHIC/TOPOGRAPHIC CENTER 
Washington, D.C. 20315 


WARNING 


The prudent mariner will not 
single aid to navigation, parti 
gids. See paragraph No, 1 of 
No. 1 or Sailing Directions PI 
information relative to DMAH 


IN FANT TIVUIVIO AINY FECL 


DEPTH CONTOURS IN FATHOMS 


0.5 


(REGION 9) 
CATALOG: P2V09 


No} 


80% 


From U.S. Navy su 


SOUNDINGS IN FATHOMS 
(Under 11 in fathoms and feet) 
reduced to Lowest Low Water 


HEIGHTS IN FEET 


Contour Interv 


For Symbols and Abbreviations, See Chart No. 1 


MERCATOR PROJECTION 
WORLD GEODETIC SYSTEM - 1972 DATUM 
SCALE 1:20,000 


— - 


DATUM NOTE 


Positions obtained from satellite navigation systems 
referred to the World Geodetic System (WGS)- 1972 
Datum can be plotted directly on this chart. 


Cauey 
SS 
Me 
: NOTE 
ce The orea tinted green hos been swept in 1975 
Me to vorious depths indicated in feet for exom SK 
1 pe 79, Hi 
4 


NORTH PACIFIC 
WILKES ISLAND 


PORT MAURY 


43°01'22"N 


155°02'36"E 


90000 


— Chimney 


ONSpICUoL 


T 


rveys to 1960 


YARDS (IN THOUSANDS) 


T 
- 


al 100 feet 


+30" 


3 05 


“Obitr 23 


Nar Id 


Point Sumner 
5 31 Wes 


CX 


257 et ) 
54 te eS i 
Be rhy 
65 64 55 34 Neatlines 7.58” N.S., 11.38” E.W. 
or 
O2e 
Port Maury Users should reter corrections, additions, 


SOUNDINGS IN FATHOMS—SCALE 1:20,000 


and comments for improving this product 
to: DIRECTOR, DEFENSE MAPPING AGENCY 


HYDROGRAPHIC/TOPOGRAPHIC CENTER, 


ATTN: PR, Washington, D.C. 20315. 


DEPTH 
CONVERSION 
SCALE 


90000 


Heights of land and conspicuous ob 
in feet above Mean High Water 
stated in the title of the chart 


U! 


Aeronautical light and radio direct 
Mooring buoy 
Marsh area 
Submarine cable 
Kelp 
Rock which covers and uncovers w 
above chart sounding datum 
raphic contours 

— Obstructic 
Dangerous wreck over which depth 
Breakers 


High obstruction above swept dept 


Ho 


iz 


= 


aS) 


Sound signal 


172 
182 


78 | 
84 QUARANTINE ANCHORAGE — ¢, 
Limit of quarantine anchorage | 
Al} 
8 ers § 
Sea bottom consists of coarse sand Se ers S 4 * 
3 
Pa 
E cert aes 18 te 
3 \w Anu yi TTT) Thal 39 
O 4y “uf, 
30 9 My, 
| toed reli, 7 i “4, 
Z oc Vee, ee 4,87 
wn Ag pGNETIC iy “yy 40 
SICAL BO % 
a ‘9 ae Ss 
as 2 
& 11> ms S54 Zs = 
> ae z 
Lc By 
VAR 4°32/W (1980) z 28 = 
1'W == = 
ANNUAL, CHANGE == = 
Compass rose 133 =: ES 
<= ie 
= — So 
undinas in meters and decimeters 139s = a S 
S SS RS = 
ile eS > aS < 
4! ww < 
iy r) ois gh a Ms 1s < 
& wees: “ & 
ich depth is cleared by wire drag = ‘56! 8 ~~ 1 
ae | es oe wy Yh 4) yy!’ my" oe 
eS wT 1 Anny \ 
5S oe on in line 087 
$5 | ce a _tights in-line O88 
oie 14 
ey | z 
nwo 
Depth contour in meters aot ie 20 | ‘3 
+33 (ll z | 16 16 
ae2 | 
{eae | 
122 4 15 
P-\32 7 163 d 
erate ea 157 
‘eck over which the exact depth is $a oi 
° 
5 considered to have a safe clearance m 4 52 = 7 ve 165 
Qe sa\se 3 
3 poe 0, ie ey i Harbor Limit 
Ore =| > 2 ° iG a 
oo alee it 43 ai 
srs q 139 145 = 
Ziel 163 > 
ete ie oe ee 22 
é en! 54 124 
Om a 124 
> 4228 4u Zi coe 
tier : é ae 
33 
3 = 
a2 
ait 


nd in meters above mean sea level 


IN as DS 


find SPEED, place 


right point on 60 and lef 


YARDS ( 


tion of hull above sounding datum 


Eddies 


idequately sounded (swept by wire 
1 indicated) 


\ Buoyage (Region B) 
ustrated on this 
ple chart. 


“Maury, 
6 
e) (2) 10s 17m 21M DIA 
16 
1 


5th Ed., May 26, 1984 (correct through NM 21/84) 


90000 | 


DMA STOCK NO. | 
90AHA90000 


54” 59! 


SOUNDIN¢ 


YYW INEY TIVO Y TUN VIR. F bey 


1 Ist Ed., July 1956 fe) 0:5 
—_$_—_———————_ KILOMETERS mmm =NAUTICAL MILE E i E se 


54” Ol’ 30" 0) 


NORTH 
WILKES 


PORT} 


From Japanese 


SOUNDINGS 
(Under 20 in met 
reduced to L 


HEIGHTS IN METERS | 
Contour Int 


Piles-c*.., ® 
17 Ope" % 


For Symbols and Abbr 


MERCATC 
TOK 
SCA 


ty) 


Positions obtained fr 
referred to the Worl 


| OS uae i Datum must be mo\ 
Chauvenet\= and 0.17 minutes | 
Goldsboroug! AERO = —\> University <a chart. 


Park Al Fl WG ey 


Flinders oun 


Shipyard 


f 
F 
- [ 


Jatt: salle (Ob 


The area tinted c 
to various dept 
example ,/2 ;. 


K ( 


\ 


Luce Hall 


=—0 
meal 


== © Tank 


i 
ecky Shoal: 98 
\ 81 \ = 
WI 
BRO 
105 
\ oe 


Ras. 


Ageton Ree, S 


9 ss a\ AES 


63 


4 
ay T 
LODg 
METERS Prepared and published! Dy ane WARNING Port Maury 
HIC/TOPOGRAPHIC CEN i 
eens: GS ee The prudent mariner will not rely solely on ony SOUNDINGS IN METERS—SCALE 
ie oe single aid to navigation, particularly on floating 


aids, See paragraph No. 1 of Notice to Mariners 
No. 1 or Sailing Directions Planning Guides for 
information relative to DMAHTC Charts 


(REGION 9) 


1.0 CATALOG: P2V09 
(2) 
.e) 
(2) 
| (2) 
aroren | o 
| PACIFIC = Chimney, conspicuous 
Z 
) ISLAND < Dangerous wreck with only mast visible 
> 
7 ©) 
RY ee | 
$$ _ logarithmic Speed Scale usually shown here 
= (1:40,000 and larger) 
surveys to 1970 Z 2 
> IN METERS = 
SS 


ers and decimeters) 
owest Low Water 


J 
eh 


ABOVE MEAN SEA LEVEL. =? Heights of land and conspicuous objects are given 


erval 30 meters 


viations, See Chart No. 1 


R PROJECTION - 


‘O DATUM 
E 1:20,000 


TUM NOTE 


m satellite navigation systems 
Geodetic System (WGS)-1972 
d 0.06 minutes NORTHWARD 
ESTWARD to agree with this 


NOTE 


en has been swept in 1975 
indicated in meters—for 


MT BOWDITCH 


RU) 


pe eee 


Oy @ OC RSs (a TOM 
Mer Nt : aa nt. 


= 


-43° 


loyal 


Ate ee Oy N ait 4] 


eas SS 2 
ce 3 
Neatlines 19.25cmN.S., 28.90cm E.W. 


ey) 


— 


YARDS} (IN THOUSANDS) 


Users should refer corrections, additions 
00 and comments for improving this product 
to: DIRECTOR, DEFENSE MAPPING AGENCY 
HYDROGRAPHIC/TOPOGRAPHIC CENTER, 


ATTN: PR, Washington, D.C. 


20315. 


in meters above Mean High Water, unless otherwise 
stated in the title of the chart 


DEPTH 
CONVERSION 
SCALE 


Aeronautical light and radio direction finding station 


Mooring buoy 


Marsh area 
28 aE 
9 -— 9 4-5 
2 
é 10° 
- Submarine cable 
#8 
@ El: 
Kel 
a es P 
a 
Rock which covers and uncovers with height 
Beet ia! above chart sounding datum 
50 
$2 16 
54 9 
sp 17 
8 A 
0 £84 19 : 
~ Topographic contours 
i ; 
ea 
& Ses] 22 
BY = Obstruction 
Dangerous wreck over which depth is known 
Breakers 
High obstruction above swept depth 
S) 
.o) 
(2) 
© t 
O’ Ficure 507b.—Fictitious nautical chart (metric). 


THE NAUTICAL CHART 117 


the first column of Chart No. 1. The status is explained in the general remarks 
section of Chart No. 1. 

The symbols and abbreviations on any given chart may differ somewhat from 
those shown in Chart No. 1 because of a change in the standards since printing of 
the chart or because the chart was published by an agency having a different set of 
standards. 

508. Lettering.—Certain standards regarding lettering have been adopted, 
except on charts made from reproducibles furnished by foreign nations. 

Vertical type is used for features which are dry at high water and not affected 
by movement of the water, except for heights above water. 

Slanting type is used for water, underwater, and floating features, except 
soundings. 

The type of lettering used may be the only means of determining whether a 
feature may be visible at high tide. For instance, a rock might bear the title 
Re co Rock” whether or not it extends above the surface. If the name is given in 
vertical letters, the rock constitutes a small islet; if in slanting type, the rock 
constitutes a reef. 

509. The shoreline shown on nautical charts represents the line of contact 
between the land and a selected water elevation. In areas affected by tidal fluctua- 
tions, this line of contact is usually the mean high-water line. In confined coastal 
waters of diminished tidal influence, a mean water level line may be used. The 
shoreline of interior waters (rivers, lakes) is usually a line representing a specified 
elevation above a selected datum. A shoreline is symbolized by a heavy line. A 
broken line indicates that the charted position is approximate only. The nature of 
the shore may be indicated, as shown by the symbols in part A of Chart No. 1. 

Where the low-water line differs considerably from the high-water line, the low- 
water line may be indicated by dots in the case of mud, sand, gravel, or stones, with 
the kind of material indicated, and by a characteristic symbol in the case of rock or 
coral. The area alternately covered and uncovered may be shown by a tint which is 
usually a combination of the land tint and a blue water tint as shown in figures 
507a, and 507b. 

The apparent shoreline is used on charts to show the outer edge of marine 
vegetation where that limit would reasonably appear as the shoreline to the mari- 
ner, or where it prevents the shoreline from being clearly defined. The apparent 
shoreline is symbolized by a light line. The inner edge is marked by a broken line 
when no other symbol (such as a cliff, levee, etc.) furnishes such a limit. The area 
between inner and outer limits may be given the combined land-water tint or the 
land tint. 

510. Water areas.—Soundings or depths of water are shown in several ways. 
Individual soundings are shown by numbers. These do not follow the general rule 
for lettering. They may be either vertical or slanting, or both may be used on the 
same chart to distinguish between the data based upon different surveys, different 
datums, smaller scale charts, or furnished by different authorities. 

The unit of measurement used for soundings on each chart is shown in large 
block letters at the top and bottom of the chart. When the unit of measurement is 
meters or meters and decimeters, SOUNDINGS IN METERS is shown. When 
soundings in fathoms or fathoms and fractions are used, SOUNDINGS IN FATH- 
OMS is shown, and when the soundings are in fathoms and feet, SOUNDINGS IN 


FATHOMS AND FEET is shown. 
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A depth conversion scale is placed outside the neatline on the chart for use in 
converting charted depths to feet, meters, or fathoms. 

“No bottom” soundings are indicated by a number with a line over the top and 
a dot over the line, thus: a. This indicates that the spot was sounded to the depth 
indicated without reaching the bottom. Areas which have been wire dragged (fig. 
510a) are shown by a broken limiting line, and the clear effective depth is indicated, 
with a characteristic symbol under the numbers. On charts of the Defense Mapping 
Agency Hydrographic/Topographic Center, a purple tint is shown within the limits 
of the swept area unless such tinting would result in excessive use of purple, in 
which case a green tint is shown within the limits of the swept area. 

The soundings are supplemented by a series of depth contours (fig. 510b) con- 
necting points of equal depth. These lines present a graphic indication of the 
configuration of the bottom. The types of lines used for various depths are shown in 
part R of Chart No. 1. On some charts depth contours are shown in solid lines, the 
depth represented by each being shown by numbers placed in breaks in the lines, as 
with land contours. Solid line depth contours are derived from intensively devel- 
oped hydrographic surveys. A broken or indefinite contour is substituted for a solid 
_ depth contour whenever the reliability of the contour is questionable. Depth contours 
are labeled with numerals in the unit of measurement of the soundings. This type 
chart, presenting a more detailed indication of the bottom configuration with fewer 
numerical soundings, is particularly useful to the vessel equipped with an echo 
sounder permitting continuous determination of a profile of the bottom. Such a 
chart, to be reliable, can be made only for areas which have been surveyed in great 
detail. 


FIGURE 510a.—Swept area. FicurE 510b.—Depth contours. 


Areas which uncover at low tide are tinted as indicated in article 509. Those 
areas out to a given depth often are given a blue tint, and occasionally a lighter 
blue is carried to some greater depth. On older charts the one-, two-, and three- 
fathom curves have stippled edges. Charts designed to give maximum emphasis to 
the configuration of the bottom show depths, beyond the 100-fathom curve, over the 
entire chart by depth contours similar to the contours shown on land areas to 
indicate graduations in height. These are called bottom contour or bathymetric 
charts. 

The side limits of dredged channels are indicated by broken lines. The project 
depth (art. 2715) and the date of dredging, if known, are shown by a statement in or 
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along the channel. The possibility of silting should be considered. Local authorities 
should be consulted for the controlling depth (art. 2715). 

The chart scale is generally too small to permit all soundings to be shown. In 
the selection of soundings to be shown, least depths are generally chosen first and a 
sounding pattern worked out to provide safety, a practical presentation of the 
bottom configuration, and a neat appearance. Depths greater than those indicated 
may be found close to charted depths, but steep changes in depth are given every 
consideration in sounding selection. Also, the state of the tide affects the depth at 
any given moment. An isolated shoal sounding should be approached with caution, 
or avoided, unless it is known that the area has been wire dragged, for there is 
always the possibility that a depth less than the least shown may have escaped 
detection. Also, the shoal area near a coast little frequented by vessels is sometimes 
not surveyed with the same thoroughness as other areas. Such areas and those 
where rocks, coral, etc., are known to exist should be entered with caution, or 
avoided. 

The substance forming the bottom is shown by abbreviations, as listed in part S 
of Chart No. 1. The meaning of some of the less-well-known terms is given below: 

Ooze is a soft, slimy, organic sediment composed principally of shells or other 
hard parts of minute organisms. 

Marl is a crumbling, earthy deposit, particularly one of clay mixed with sand, 
lime, decomposed shells, etc. A layer of marl may become quite compact. 

Shingle consists of small, rounded, waterworn stones. It is similar to gravel but 
with the average size of stone generally larger. 

Schist is crystalline rock of a finely laminated nature. 

Madrepore is a stony coral which often forms an important building material 
for reefs. 

Lava is rock in the fluid state, or such material after it has solidified. It is 
formed at very high temperature and issues from the earth through volcanoes. 

Pumice is cooled volcanic glass with a great number of minute cavities caused 
by the expulsion of water vapor at high temperature, resulting in a very light 
material. 

Tufa is a porous rocky deposit sometimes formed in streams and in the ocean 
near the mouths of rivers. 

Scoria (plural scoriae) is rough, cinderlike lava. 

Sea tangle is any of several species of seaweed, especially those of large size. 

Spicules are the small skeletons of various marine animals such as sponges. 

Foraminifera (plural) are small marine animals with hard shells of from one to 
many chambers. 

Globigerina is a very small marine animal of the foraminifera order, with a 
chambered shell, or the shell of such an animal. In large areas of the ocean the 
calcareous shells of these animals are very numerous, being the principal constitu- 
ent of a soft mud or globigerina 002Ze, forming part of the ocean bed. 

Diatom is a microscopic animal with external skeletons of silica, often found in 
both fresh and salt water. Part of the ocean bed is composed of a sedimentary ooze 
consisting principally of large collections of the skeletal remains of diatoms. 

Radiolaria (plural) are minute sea animals with a siliceous outer shell. The 
skeletons of these animals are very numerous, especially in the tropics. 

Pteropod is a small marine animal with or without a shell and having two 
thin, winglike feet. These animals are often so numerous they cover the surface of 
the sea for miles. In some areas their shells cover the bottom. 
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Polyzoa (plural) are very small marine animals which reproduce by budding, 
many generations often being permanently connected by branchlike structures. 
Cirripeda (plural) are barnacles and certain other parasitic marine animals. 

Fucus is a coarse seaweed growing attached to rocks. 

Matte is a dense, twisted growth of a sea plant such as grass. 

“Calcareous” is an adjective meaning “containing or composed of calcium or 
one of its compounds.” 

511. Chart sounding datum.—Depths. All depths indicated on charts are reck- 
oned from some selected level of the water, called the chart sounding datum. The 
various chart datums are explained in chapter XXXI. On charts made from surveys 
conducted by the United States the chart datum is selected with regard to the tides 
of the region, so that depths might be shown in their least favorable aspect. On 
charts based upon those of other nations the datum is that of the original authority. 
When it is known, the datum used is stated on the chart. In some cases where the 
chart is based upon old surveys, particularly in areas where the range of tide is not 
great, the actual chart datum may not be known. 

For National Ocean Service charts of the Atlantic and gulf coasts of the United 
States and Puerto Rico the chart datum is mean low water. For charts of the Pacific 
coast of the United States, including Alaska, it is mean lower low water. Most 
Defense Mapping Agency Hydrographic/Topographic Center charts are based upon 
mean low water, mean lower low water, or mean low water springs. The chart datum 
for charts published by other countries varies greatly, but is usually lower than 
mean low water. On charts of the Baltic Sea, Black Sea, the Great Lakes, and other 
areas where tidal effects are small or without significance, the datum adopted is an 
arbitrary height approximating the mean water level. 

The chart datum of the largest-scale charts of an area is generally the same as 
the reference level from which height of tide is tabulated in the tide tables. 

The height of a chart datum is usually only an approximation of the actual 
mean value specified, for determination of the actual mean height usually requires 
a longer series of tidal observations than is available to the cartographer, and the 
height changes somewhat over a period of time. 

Since the chart datum is generally a computed mean or average height at some 
state of the tide, the depth of water at any particular moment may be less than 
shown on the chart. For example, if the chart datum is mean lower low water, the 
depth of water at lower low water will be less than the charted depth about as often 
as it is greater. A lower depth is indicated in the tide tables by a minus sign (—). 

Heights. The shoreline shown on charts is the high-water line, generally the 
level of mean high water. The heights of lights, rocks, islets, etc., are generally 
reckoned from this level. However, heights of islands, especially those at some 
distance from the coast, are often taken from sources other than hydrographic 
surveys, and may be reckoned from some other level, often mean sea level. The 
plane of reference for topographic detail is frequently not stated on the chart. 

Since heights are usually reckoned from high water and depths from some form 
of low water, the reference levels are seldom the same. This is generally of little 
practical significance, but it might be of interest under some conditions, particular- 
ly where the range of tide is large. 

512. Dangers are shown by appropriate symbols, as indicated in part O of Chart 
No. 1. 

A rock that uncovers at mean high water may be shown as an islet. If an 
isolated, offlying rock is known to uncover at the chart datum but to be covered at 
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high water, the appropriate symbol is shown and the height above the chart datum, 
if known, is usually given, either by statement such as “Uncov 2 ft” or by the figure 
indicating the number of feet above the chart datum underlined and usually en- 
closed in parentheses, thus: (2). This is illustrated in figure 512a. A rock which does 
not uncover is shown by the appropriate symbol. If it is considered a danger to 
surface vessels, the symbol is enclosed by a dotted curve for emphasis. 

A distinctive symbol is used to show a detached coral reef which uncovers at 
the chart datum. For a coral or rocky reef which is submerged at chart datum, the 
sunken rock symbol or an appropriate statement is used, enclosed by a dotted or 
broken line if the limits have been determined. 

Several different symbols are used for wrecks, depending upon the nature of 
the wreck or scale of the chart. The usual symbol for a visible wreck is shown in 
figure 512b. A sunken wreck with less than 11 fathoms of water over it is consid- 
ered dangerous and its symbol is surrounded by a dotted curve. The safe clearance 
depth found over a wreck is indicated by a standard sounding number placed at the 
wreck, (fig. 512c). If this depth is determined by a wire drag, the sounding is 
underscored by the wire drag symbol (art. 510). An unsurveyed wreck over which 
the exact depth is unknown, but is considered to have a safe clearance to the depth 
shown is depicted as shown in figure 512c. 

Tide rips, eddies, and kelp are shown by symbol or lettering. 


Az 


a (ott high) 
BW (25 # Figh) 


es won 


Figure 512a.—A rock awash. Figure 512b.—A visible wreck. 


Piles, dolphins (clusters of piles), snags, stumps, etc., are shown by small circles 
and a label identifying the type of obstruction. If such dangers are submerged, the 
letters “Subm”’ precede the label. 

Fish stakes and traps are shown when known to be permanent or hazardous to 
navigation. sree 

The importance of knowing the chart symbols for dangers to navigation cannot 
be emphasized strongly enough. Most dangers are emphasized with a blue tint and 
dotted line surrounding the danger. Some of the danger symbols are shown in 
figure 512c. . 

513. Aids to navigation are shown by symbol, as given in Chart No. 1, usually 
supplemented by abbreviations and sometimes by additional descriptive text. In 
order to render the symbols conspicuous it is necessary to show them in greatly 
exaggerated size relative to the scale of the chart. It is therefore important that the 
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‘t= Sunken wreck dangerous to surface navigation (less than 
11 fathoms over wreck). 


i+) Sunken rock dangerous to navigation. 
3) Wk Wreck over which depth is known. 
2 Wk Wreck with depth cleared by wire drag. 
oe Unsurveved wreck over which the exact depth is unknown, 
“8.3 Wk but is considered to have a safe clearance to the depth 
shown. 
5 Rk Shoal sounding on isolated rock. 
ae Coral reef covered at sounding datum. 


‘Foul: Foul ground, Foul bottom. 


Rock which covers and uncovers with height above chart 
sounding datum. 


*(2)j°F—8) (2) 


$ Subm Piles 


: 3 Rep (1974) 
Reef 
4} Obstr 


Submerged pilings. 
Depth reported in 1974. 
Reef of unknown extent. 


Obstruction 


ae fhatform (lighted) Offshore platform (unnamed) 


re 


navigator know which part of the symbol represents the actual position of the aid. 
For floating aids (lightships and buoys), the position part of the symbol marks the 
approximate location of the anchor or sinker, the aid swinging in an orbit around 
this approximate position. 

The principal charted aids to navigation are lighthouses, other lights on fixed 
structures, beacons, lightships, radiobeacons, and buoys. The number of aids shown 
and the amount of information concerning them varies with the scale of the chart. 
Unless otherwise indicated, lights which do not alternate in color are white, and 
alternating lights are red and white. Light lists give complete navigational informa- 
tion concerning them. 

Lighthouses and other lights on fixed structures are shown as black dots sur- 
rounded by nautical purple disks or as black dots with purple flare symbols. The 
center of the black dot is the position of the light. 


Drying (or uncovering) heights, above chart sounding 
datum. 


Figure 512c.—Danger symbols. 
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On large-scale charts the characteristics of lights are shown in the following 
oz der: 


Characteristic Example Meaning 

1. Character FI (2) group flashing (2 flashes) 

2. Color R red 

3. Period 10s 10 seconds 

4, Height 160 ft 160 feet 

5. Range 19M 19 nautical miles (See article 1307) 
6. Number eo light number 6 


The legend for this light would appear on the chart: 
Fl (2) R 10s 160 ft 19 M “6” 


On older charts this form is varied slightly. As the chart scale becomes smaller the 
six items listed above are omitted in the following order: first, height; second, period 
(seconds); third, number (of flashes, etc.) in group; fourth, light number; fifth, 
visibility. Names of unnumbered lights are shown when space permits. 

Daybeacons (unlighted beacons) are shown as depicted in Chart No. 1. When 
daybeacons are shown by small triangles, the center of the triangle marks the 
position of the aid. Except on Intracoastal Waterway charts and charts of state 
waterways the abbreviation Bn is shown beside the symbol, with the appropriate 
abbreviation for color if known. For black beacons the triangle is solid black and 
there is no color abbreviation. All beacon abbreviations are in vertical lettering, as 
appropriate for fixed aids (fig. 513a). 

Lightships are shown by ship symbol, the center of the small circle at the base 
of the symbol indicating the approximate position of the lightship’s anchor. The 
circle is overprinted by a small purple disk as shown in figure 513b or a purple 
flare emanating from the top of the symbol. As a floating aid, the light characteris- 
tics and the name of the lightship are given in leaning letters. 


27 


28 


Gp Fl (2) 10sec 
55ft 14M DIA 


Bn 302 31 


37 
35 

S875 
36 


Figure 513a.—A daybeacon. Figure 513b.—A lightship with a radiobeacon. 


Radiobeacons are indicated on the chart by a small purple circle, as shown in 
figure 513b, accompanied by the appropriate abbreviation to indicate whether an 
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ordinary radiobeacon (R Bn) or a radar beacon (Racon). The same symbol is used for 
a radio direction finder station with the abbreviation “RDF” and a coast radar 
station with the abbreviation Ra. Other radio stations are indicated by a small 
black circle with a dot in the center, or a smaller circle without a dot, and the 
appropriate abbreviation. In every case the center of the circle marks the position 
of the aid. 

Buoys, except mooring buoys, are usually shown by a diamond-shaped symbol 
and a small dot or small circle in conjunction with one of its points (at one of its 
acute angles). The dot or small circle indicates the approximate position of the 
buoy’s sinker. A mooring buoy is shown by a distinctive symbol as indicated in part 
L of Chart No. 1. The small circle interrupting the symbol’s base line indicates the 
approximate position of the sinker. 

A black buoy is shown by a solid black diamond symbol, without abbreviation. 
For all other buoys, color is indicated by an abbreviation, or in full by a note on the 
chart. In addition, the diamond-shaped symbols of red buoys often are colored 
purple. A buoy symbol with a line connecting the side points (shorter axis), half of 
the symbol being purple or open and the other half black, indicates horizontal 
bands. A line connecting the upper and lower points (longer axis) represents verti- 
cal stripes. Two lines connecting the opposite sides of the symbol indicate a check- 
ered buoy. 

There is no significance to the angle at which the diamond-shape appears on 
the chart. The symbol is placed so as to avoid interference with other features of 
the chart. 

Lighted buoys are indicated by a purple flare emanating from the buoy symbol 
or by a small purple disk centered on the dot or small circle indicating the 
approximate position of the buoy’s sinker, as shown in figure 513c. 

Abbreviations for light characteristics, type and color of buoy, number of the 
buoy, and any other pertinent information given near the symbol are in slanting 
letters. The letter C, N, or S, indicates a can, nun, or spar, respectively (art. 409). 
The words “bell,” “gong,” and “whistle,” are shown as BELL, GONG, and WHIS, 
respectively. The number or letter designation of the buoy is given in quotation 
marks on National Ocean Service charts. On other charts they may be given 
without quotation marks or punctuation, thus: No 1, No 2, etc. 


i : 


94 133 135 


79 
8| 


73 


FicurE 513c.—A lighted buoy. 
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Station buoys are not shown on small-scale charts, but are given on some large- 
scale charts. 

Aeronautical lights included in the light lists are shown by the lighthouse 
symbol, accompanied by the abbreviation “AERO.” The completeness to which the 
characteristics are shown depends principally upon the effective range of other 
navigational lights in the vicinity, and the usefulness of the light for marine 
navigation. 

Ranges are indicated by a broken or solid line. The solid line, which indicates 
that part of the range intended for navigation, may be broken at irregular intervals 
to avoid being drawn through soundings. That part of the range line drawn only to 
guide the eye to the objects to be kept in range is broken at regular intervals. If the 
direction is given, it is expressed in degrees clockwise from true north. 

Sound signal apparatus is indicated by the appropriate word in capital letters 
(HORN, BELL, GONG, etc.) or an abbreviation indicating the type of sound. Sound 
signals of all types other than submarine sound signals are represented by three 
arcs of concentric circles within an angle of 45°, oriented and placed as necessary 
for clarity. The letters “DFS” indicate a distance finding station having synchro- 
nized sound and radio signals. The location of a sound signal which does not 
accompany a visual aid, either lighted or unlighted, is shown by a small circle and 
the appropriate word in vertical block letters. 

Private aids, when shown, are marked “Priv maintd.” Some privately main- 
tained unlighted aids are indicated by a small circle accompanied by the word 
“Marker,” or a larger circle with a dot in the center and the word “MARKER.” The 
center of the circle indicates the position of the aid. A privately maintained lighted 
aid has the light symbol and is accompanied by the characteristics and the usual 
indication of its private nature. Private aids should be used with caution. 

A light sector is the sector or area bounded by two radii and the arc of a circle 
in which a light is visible or in which it has a distinctive color different from that of 
adjoining sectors. The limiting radii are indicated on the chart by dotted lines. 

Colors of the sectors are indicated by words spelled out if space permits, or by 
abbreviation (W, R, etc.) if it does not. 

Limits of light sectors and arcs of visibility as observed from a vessel are given 
in the light lists, in clockwise order. 

514. Land areas.—The amount of detail shown on the land areas of nautical 
charts depends upon the scale and the intended purpose of the chart. 

Relief is shown by contours and form lines. 

Contours are lines connecting points of equal elevation. The heights represent- 
ed by the contours are indicated in slanting figures at suitable places along the 
lines. Heights are usually expressed in feet (or in meters with means for conversion 
to feet). The interval between contours is uniform over any one chart, except that 
certain intermediate contours are sometimes shown by broken line. When contours 
are broken, their locations are approximate. 

Form lines are approximations of contours used for the purpose of indicating 
relative elevations. They are used in areas where accurate information is not 
available in sufficient detail to permit exact location of contours. Elevations of 
individual form lines are not indicated on the chart. 

Spot elevations are generally given only for summits or for tops of conspicuous 
landmarks. The heights of spot elevations and contours are given with reference to 
mean high water when this information is available. 
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When there is insufficient space to show the heights of islets or rocks, they are 
indicated by slanting figures enclosed in parentheses in the water area nearby. 

Cities and roads. Cities are shown in a generalized pattern that approximates 
their extent and shape. Street names are generally not charted except those along 
the waterfront on the largest scale charts. In general, only the main arteries and 
thoroughfares or major coastal highways are shown on smaller scale charts. Occa- 
sionally, highway numbers are given. When shown, trails are indicated by a light 
broken line. Buildings along the waterfront or individual ones back from the 
waterfront but of special interest to the mariner are shown on large-scale charts. 
Special symbols are used for certain kinds of buildings, as indicated in part I of 
Chart No. 1. Both single and double track railroads are indicated by a single line 
with cross marks. In general, city electric railways are not charted. A fence or 
sewer extending into the water is shown by a broken line, usually labeled. Airports 
are shown on small-scale charts by symbol and on large-scale charts by shape and 
extent of runways. Breakwaters and jetties are shown by single or double lines 
depending upon the scale of the chart. A submerged portion and the limits of the 
submerged base are shown by broken lines. 

515. Landmarks are shown by symbols, as given in Chart No. 1. 

A large circle with a dot at its center is used for selected landmarks that have 
been accurately located. Capital letters are used to identify the landmark: HOUSE, 
FLAGPOLE, STACK, sometimes followed by “(conspic).” 

A small circle without a dot is used for landmarks not accurately located. 
Capital and lower case letters are used to identify the landmark: Mon, Cup, Dome. 
The abbreviation “PA,” for position approximate, is used when necessary as a 
safety feature. 

When only one object of a.group is charted, its name is followed by a descrip- 
tive legend in parenthesis, including the number of objects in the group, for exam- 
ple (TALLEST OF FOUR) or (NORTHEAST OF THREE). 

Some of the accompanying labels on a chart are interpreted as follows: 

Building or house. One of these terms, as appropriate, is used when the entire 
structure is the landmark, rather than an individual feature of it. 

A spire is a slender pointed structure extending above a building. It is seldom 
less than two-thirds of the entire height of the structure, and its lines are rarely 
broken by stages or other features. The term is not applied to a short pyramid- 
shaped structure rising from a tower or belfry. 

A cupola (ku’po-la) is a small dome-shaped tower or turret rising from a 
building (fig. 515). 

A dome is a large, rounded, hemispherical structure rising above a building, or 
a roof of the same shape. A prominent example is that of the Capitol of the United 
States, in Washington, D.C. 

A chimney is a relatively small, upright structure projecting above a building 
for the conveyance of smoke. 

A stack is a tall smokestack or chimney. The term is used when the stack is 
more prominent as a landmark than accompanying buildings. 

A flagpole is a single staff from which flags are displayed. The term is used 
when the pole is not attached to a building. 

The term flagstaff is used for a flagpole rising from a building. 

A flag tower is a scaffold-like tower from which flags are displayed. 

A radio tower is a tall pole or structure for elevating radio antennas. 
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Ficure 515.—A cupola. 


A radio mast is a relatively short pole or slender structure for elevating radio 
antennas, usually found in groups. 

A tower is any structure with its base on the ground and high in proportion to 
its base, or that part of a structure higher than the rest, but having essentially 
vertical sides for the greater part of its height. 

A lookout station or watch tower is a tower surmounted by a small house from 
which a watch is kept regularly. 

A water tower is a structure enclosing a tank or standpipe so that the presence 
of the tank or standpipe may not be apparent. 

A standpipe is a tall cylindrical structure, in a waterworks system, the height 
of which is several times the diameter. 

The term tank is used for a water tank elevated high above the ground by a 
tall skeleton framework. 

The expression gas tank or oil tank is used for the distinctive structures 
described by these words. 

516. Miscellaneous.—Measured mile. A measured nautical mile indicated on a 
chart is accurate to within 6 feet of the correct length. Most measurements in the 
United States were made before 1959, when the United States adopted the Interna- 
tional Nautical Mile. The new value is within 6 feet of the previous standard length 
of 6,080.20 feet, adjustments not having been made. If the measured distance differs 
from the standard value by more than 6 feet, the actual measured distance is stated 
and the words “measured mile” are omitted. 

Periods after abbreviations in water areas are omitted, as these might be 
mistaken for rocks. However, a lower case i or j is dotted. 

Courses shown on charts are given in true directions, to the nearest minute of 
arc. ; 
Bearings shown are in true directions toward (not from) the objects. 
Commercial radio broadcasting stations are shown on charts when they are of 
value to the mariner either for obtaining radio bearings or as landmarks. 

Rules of the road. Lines of demarcation between the areas in which interna- 
tional and inland navigation rules apply are shown only when they cannot be 
adequately described in notes on the chart. 
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Compass roses are placed at convenient locations on Mercator charts to facili- 
tate the plotting of bearings and courses. The outer circle is graduated in degrees 
with zero at true north. The inner circle is graduated in points and degrees with 
the arrow indicating magnetic north. 

Magnetic information. On many charts magnetic variation is given to the 
nearest 15’ by notes in the centers of compass roses; the annual change is given to 
the nearest 1’ to permit correction of the given value at a later date. When this is 
done, the magnetic information is updated when a new edition is issued. The 
current practice of the Defense Mapping Agency Hydrographic/Topographic Center 
is to give the magnetic variation to the nearest 1’, but the magnetic information on 
new editions is only updated to conform with the latest epoch (1980.0, 1985.0, etc.). 
Whenever a chart is reprinted, the magnetic information is updated to the latest 
epoch. On other charts the variation is given by a series of isogonic lines connect- 
ing points of equal variation, usually a separate line being given for each degree of 
variation. The line of zero variation is called the agonic line. Many plans and insets 
show neither compass roses nor isogonic lines, but indicate magnetic information by 
note. A local magnetic disturbance of sufficient force to cause noticeable deflection 
of the magnetic compass, called local attraction, is indicated by a note on the chart. 

Currents are sometimes shown on charts by means of arrows giving the direc- 
tions, and figures giving the speeds. The information thus given refers to the usual 
or average conditions, sometimes based upon very few observations. It is not safe to 
assume that conditions at any given time will not differ considerably from those 
shown. 

Longitudes are reckoned eastward and westward from the meridian of Green- 
wich, England, unless otherwise stated. 

Notes on charts should be read with care, as they may give important informa- 
tion not graphically presented. Several types of notes are used. Those in the margin 
give such information as the chart number and (sometimes) publication and edition 
notes, identification of adjoining charts, etc. Notes in connection with the chart title 
include such information as scale, sources of charted data, tidal information, the 
unit in which soundings are given, cautions, etc. Another class of notes is that given 
in proximity to the detail to which it refers. Examples of this type of note are those 
referring to local magnetic disturbance, controlling depths of channels, measured 
miles, dangers, dumping grounds, anchorages, etc. 

Overlapping charts constructed on different horizontal geodetic datums (app. X) 
may carry the following note: 


CAUTION 


Differences in latitude and longitude may exist between this and other 
charts of the area; therefore, the transfer of positions from one chart to 
another should be done by bearings and distances from common features. 


Horizontal geodetic datum shifts may be given to provide the corrections neces- 
sary to shift to a different datum (app. X). It is the practice of the Defense Mapping 
Agency Hydrographic/Topographic Center to provide, if plottable, the corrections to 
new charts and new editions of charts that are necessary to shift the geodetic 
datum to the World Geodetic System. 

Anchorage areas are shown within purple broken lines and labeled as such. 
Anchorage berths are shown as purple circles with the number or letter assigned to 
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the berth inscribed within the circle. Caution notes are sometimes shown when 
there are specific anchoring regulations. 

Spoil areas are shown within short broken black lines. The area is tinted blue 
(National Ocean Service charts only) and labeled SPOIL AREA. 

Firing and bombing practice areas in the United States territorial and adjacent 
waters are shown on National Ocean Service charts and Defense Mapping Agency 
Hydrographic/Topographic Center charts of the same area and comparable scale. 
Danger areas established for short periods of time are not charted, but are an- 
nounced locally. Danger areas in effect for longer periods are published in the 
Notice to Mariners. Any aid to navigation established to mark a danger area or a 
fixed or floating target is shown on charts. 

Traffic separation schemes show routes to increase safety of navigation, particu- 
larly in areas of high density shipping. Traffic separation schemes are shown on 
standard nautical charts of scale 1:600,000 and larger and are printed in purple. 
The arrows printed on charts to indicate tracks are intended to give the general 
direction of traffic only, ships need not set their courses strictly by the arrows. At 
points where several recommended routes meet, circular or triangular separation 
zones with traffic direction arrows are shown. 

Recommended tracklines, portrayed in black, are used to indicate suggested 
courses through particular passages and are selected according to their value for 
oceangoing ships. 

A logarithmic time-speed-distance nomogram with an explanation of its applica- 
tion is shown on harbor charts at scales of 1:40,000 and larger. 

Tidal boxes (fig. 516a) are shown on charts of scales 1:75,000 and larger. 


TIDAL INFORMATION 


“Height above datum of soundings oo 


Position : 
Mean High Water Mean Low Water — 


meters _ meters meters _ meters 
14°49" [2320517 60-9 O44 OO al, Rios. 
FiGurRE 516a.—Tidal box. 


Tabulations of controlling depths (fig. 516b) are shown on National Ocean 
Service harbor charts. 

Title. The chart title may be at any convenient location, usually in some area 
not important to navigation. It is composed of several distinctive parts as shown in 
figure 516c. 


Olongapo....... 


Reproductions of Foreign Charts 


517. Modified facsimile charts are modified reproductions of foreign charts 
produced in accordance with bilateral agreements. Such agreements serve to pro- 
vide the mariner with more up-to-date charts. 

Modified facsimile charts published by the Defense Mapping Agency Hydro- 
graphic/Topographic Center are, in general, reproduced with minimal changes. 
Such changes may include all or part of the following: 

1. The original name of the chart is removed and replaced by an anglicized 
version. 
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NANTUCKET HARBOR 


Tabulated from surveys by the Corps of Engineers - report of June 1972 
and surveys of Nov. 1971 


Controlling depths in ghannels entering from 


Project Dimensions 
seaward in feet at Mean Low Water 


Left Middle Right Length Depth 
Name of Channel outside half of outside Width (naut. M.L.W. 
quarter channel quarter | Survey (feet) miles) (feet) 


| 
Entrance Channel 11.1 15.0 15.0 11-71 


Note.-The Corps of Engineers should be consulted for changing conditions subsequent to the above. 


FicureE 516b.—Tabulations of controlling depths. 


WEST INDIES 
CUBA—SOUTH COAST 


ror — GUANTANAMO BAY 


[From U.S. Navy surveys to 1951 
See eee ae SD (Suet | with additions and corrections to 1975 


GENERAL GEOGRAPHIC AREA ——————> 


SOUNDINGS IN METERS 
(Under 31 in meters and half meters) 
CHART SOUNDING DATUM ——————~» / reduced to the approximate level of Mean Sea Level 


HEIGHTS IN METERS ABOVE MEAN SEA LEVEL 
Contour interval 10 meters 


For Symbols and Abbreviations, see Chart No. 1 


pail | Names and boundaries are not necessarily authoritative 


PROJECTION —————————__> MERCATOR PROJECTION 
HORIZONTAL DATUM ———————> WORLD GEODETIC SYSTEM—1972 DATUM 


SCALE. > SCALE 1:200,000 AT LAT. 19°50’ 


Ficure 516c.—A chart title. 


2. English language equivalents of names and terms on the original chart are 
printed in a suitable glossary on the reproduction, as appropriate. 


3. All hydrographic information, except bottom characteristics, is shown as 
depicted on the original chart. 


4. Bottom characteristics are shown as depicted in Chart No. 1. 

5. The unit of measurement used for soundings is shown in block letters 
outside the upper and lower neatlines. 

6. A scale for converting charted depth to feet, meters, or fathoms is added. 

7. A blue tint is shown from a significant depth curve to the shoreline. 

8. A blue tint is added to all dangers enclosed by a dotted danger curve. 
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9. A blue tint is added to dangerous wrecks, foul areas, obstructions, rocks 
awash, sunken rocks, and swept wrecks. 

10. Aids to navigation, landmarks, and special area symbols and abbreviations 
on the original chart are changed to conform with Chart No. 1. 

11. Caution notes are shown in purple and enclosed in a box. 

12. Restricted, danger, and prohibited areas are usually outlined in purple and 
labeled “RESTRICTED AREA,” “DANGER AREA,” etc. 

13. Traffic separation schemes are shown in purple. 

14. A note on traffic separation schemes, printed in purple, is added to the 
chart. 

15. Wire dragged (swept) areas are shown in purple or green. 

16. If plottable, suitable corrections are provided to shift the horizontal datum 
to the World Geodetic System (1972). 

518. International charts.—The need for mariners and chartmakers to under- 
stand and use nautical charts of different nations became increasingly apparent 
during the late 19th and 20th centuries as the maritime nations of the world 
developed their own establishments for the compilation and publication of nautical 
charts from hydrographic surveys. There followed a growing awareness that inter- 
national standardization of symbols and presentation was desirable, which led to 22 
maritime nations sending their representatives to a Hydrographic Conference in 
London in 1919. That conference resulted in the establishment of the International 
Hydrographic Bureau (IHB) in Monaco in 1921, where the seat of the International 
Hydrographic Organization (IHO), with a membership of over 40 States remains 
today. 

Recognizing that there was considerable duplication of effort by various 
Member States when each was charting the same parts of the ocean, and being 
conscious of the significant level of standardization in chart symbolization which 
had been reached, a move was made by the IHO in 1967 to introduce the first 
international chart. A Committee of representatives from six Member States was 
organized which reported in 1970. The Committee drew up plans and specifications 
for two series of international charts of the oceans on scales 1:10,000,000 and 
1:3,500,000, respectively. The limits of each of some 83 of these charts, giving 
worldwide small scale navigational cover, were agreed, and responsibility for com- 
piling each of these has subsequently been accepted by Member States’ Hydrograph- 
ic Offices. 

Once a Member State publishes an international chart, reproduction material 
is made available to any other Member State which may wish to print the chart for 
its own purposes. 

International charts can be identified by the letters INT before the chart 
number and the International Hydrographic Organization seal in addition to what 
other seals may appear on the chart. 


Chart Numbering System 


519. Chart numbering system.—The numbering of nautical charts produced 
and issued by the Defense Mapping Agency Hydrographic/ Topographic Center and 
the National Ocean Service is based on a system in which numbers are assigned in 
accordance with the scale range and geographical area of coverage of a chart. With 
the exception of certain charts produced for military use only, one- to five-digit 
numbers are used. And with the exception of one-digit numbers, the first digit 
identifies the area; the number of digits establishes the scale range (fig. 519a). The 
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one-digit numbers are used for products in the chart system which are not actually 
charts, such as Chart No. 1, Nautical Chart Symbols and Abbreviations, chart 5, 
National Flags and Ensigns, and foreign symbols and abbreviations sheets for 


military use. 


4 


Number of Digits 


No Scale 

1:9,000,000 and smaller. 
1:2,000,000 to 1:9,000,000. 
Nonnavigational and special purpose. 


1:2,000,000 and larger. 


Figure 519a.—Scale ranges for number of digits in chart number. 


Two- and three-digit numbers are assigned to those small-scale charts which 
depict the major portion of an ocean basin or a large area, with the first digit 
identifying the ocean basin (fig. 519b). Two-digit numbers are used for charts of 
scale 1:9,000,000 and smaller. Three-digit numbers are used for charts of scale 
1:2,000,000 to 1:9,000,000. 


80° 120° 
————— et 


ARCTIC OCEAN 


BERING SEA 


NORTH PACIFIC OCEAN 


ARABIAN ' 
SEA 


AUSTRALIA ¢ 7 


Jf INDIAN OCEAN 


FiGuRE 519b.—Ocean basins. 


Due to the limited sizes of certain ocean basins, no charts for navigational use 
at scales of 1:9,000,000 and smaller are published to cover these basins. The other- 
wise unused two-digit numbers (30 to 49 and 70 to 79) are assigned to special world 
charts, such as chart 33, Horizontal Intensity of the Earth’s Magnetic Field, chart 
42, Magnetic Variation, and chart 76, Standard Time Zone Chart of the World. 
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One exception to the scale range criteria for three-digit numbers is the use of 
three-digit numbers for a series of position plotting sheets which are of larger scale 
than 1:2,000,000 because they have application in ocean basins and can be used in 
all longitudes. 

Four-digit numbers are used for nonnavigational and special purpose charts, 
such as chart 5090, Maneuvering Board, chart 5101, Gnomonic Plotting Chart North 
Atlantic, and chart 7707, Omega Plotting Chart. 

Five-digit numbers are assigned to those charts of scale 1:2,000,000 and larger 
that cover portions of the coastline rather than significant portions of ocean basins. 
These charts are based on the regions of the nautical chart index (fig. 519c). 

The first of the five digits indicates the region; the second digit indicates the 
subregion; the last three digits indicate the geographical sequence of the chart 
within the subregion. Many numbers have been left unused in order that future 
charts may be placed in their proper geographical sequence as they are produced. 

In order to establish a logical numbering system within the geographical subre- 
gions (for the 1:2,000,000 and larger-scale charts), a worldwide skeleton framework 
of coastal charts was laid out at a scale 1:250,000. This skeleton series was used as 
basic coverage for the numbering except in areas where a coordinated series at 
about this scale already existed. An example of an exception is the coast of Norway 
were a coordinated series of 1:200,000 coast charts is in existence. Within each 
region, the geographical subregions are numbered counterclockwise around the 
continents, and within each subregion the basic (1:250,000 skeleton) series also is 
numbered counterclockwise around the continents. The skeleton coverage is as- 
signed generally every 20th digit, except that the first 40 numbers in each subre- 
gion are reserved for smaller-scale coverage. Charts with scales larger than the 
skeleton coverage are assigned one of the 19 numbers following the number as- 
signed to the skeleton sheet within which it falls. Thus, charts on the west coast of 
the Iberian Peninsula and the northwest coast of Africa are numbered as shown in 
figure 519d. 

As shown in figure 519d, five-digit numbers are assigned to the charts produced 
by other hydrographic offices. This numbering system is applied to foreign charts so 
that they can be filed in logical sequence with the charts produced by the Defense 
Mapping Agency Hydrographic/ Topographic Center and the National Ocean Serv- 
ice. 

Exceptions to the numbering system to satisfy military needs are as follows: 

1. Bottom contour and non-submarine contact charts at a scale larger than 
1:2,000,000 do not portray portions of a coastline but chart parts of the ocean basins. 
In view of the characteristics of these charts, they are identified with an alphabeti- 
cal character plus four digits. All bottom contour charts will eventually be Omega 
versions only. The letter B denotes an interim version. The letter C denotes bottom 
contour charts with Loran-C information. The letter E denotes bottom contour 
charts with Omega information. 

2. Combat charts at a scale of 1:50,000, which would otherwise be assigned five- 
digit numbers, are assigned four digits separated by a letter of the alphabet. The 
first two digits indicate the region and subregion; the third character is a letter of 
the alphabet; the last two digits indicate the geographical sequence of the chart 

ithin the subregion. 
“ia “fark, tach Agency stock number is shown in the lower left-hand 
corner of the chart directly under the chart number. The letters and numbers have 


chart significance as indicated in figure 519e. 
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Figure 519d.—Area of subregion 51 illustrating the numerical sequence of larger-scale charts along a 


coast. 


136 THE NAUTICAL CHART 


38°|% , 
0571/8 


3rd Ed., Mar. 12, 1983 (Correct through NM 11/83) 


04348 


DMA STOCK NO. 
S4AHADS4348 


1G ise 


[ae Subregion 
Ek a eas Portfolio 


(X indicates not 
in portfolio) 


Chart classification: 
CO=Coastal 
HA=Harbor and Approach 
OA=Operating Area 
GN=General 
WO=World (Included in 

2 or more regions) 


Chart number 


Figure 519e.—Defense Mapping Agency stock number. 


Use of Charts 


520. Advance preparation.—Before a chart is to be used, it should be studied 
carefully. All notes should be read and understood. There should be no question of 
the meanings of symbols or the unit in which depths are given, for there may not 
be time to determine such things when the ship is underway, particularly if an 
emergency should arise. Since the graduations of the latitude and longitude scales 
differ considerably on various charts, those of the chart to be used should be noted 
carefully. Dangers and abnormal conditions of any kind should be noted. 

Particular attention should be given to soundings. It is good practice to select a 
realistic danger sounding (art. 1013) and mark this prominently with a colored 
pencil other than red. 

It may be desirable to place additional information on the chart. Arcs of circles 
might be drawn around navigational lights to indicate the limit of visibility at the 
height of eye of an observer on the bridge. Notes regarding the appearance of light 
structures, tidal information, prominent ranges, or other information from the light 
lists, tide tables, tidal current tables, and sailing directions might prove helpful. 

The particular preparation to be made depends upon the requirements and the 
personal preferences and experience of the individual navigator. The specific infor- 
mation selected is not important. But it is important that the navigator familiarize 
himself with his chart so that in an emergency the information needed will be 
available and there will be no question of its meaning. 
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521. Maintaining charts.—The print date in the lower left-hand corner of the 
chart is the date of the latest Notice to Mariners used to update the chart. Responsi- 
bility for maintaining it after this date lies with the user. An uncorrected chart is a 
menace. The various issues of Notice to Mariners subsequent to the print date 
contain information needed for maintaining charts. The more urgent items are also 
given in advance in the Daily Memorandum or by radio broadcast. A convenient 
way of keeping a record of the Notice to Mariners corrections made to each chart on 
hand is by means of the 5x8-inch Chart/Publication Correction Record Card 
(DMAHTC 8660/9). 

Periodically DMAHTC publishes a Summary of Corrections containing previous- 
ly published Notice to Mariners corrections. 

When a new edition of a chart is published, it should be obtained and the old 
one retired from use. The very fact that a new edition has been prepared generally 
indicates that there have been changes that cannot adequately be shown by hand 
correction. 

522. Use and stowage of charts.—Charts are among the most important aids of 
the navigator, and should be treated as such. When in use they should be spread 
out flat on a suitable chart table or desk, and properly secured to prevent loss or 
damage. Every effort should be made to keep charts dry, for a wet chart stretches 
and may not return to the original dimensions after drying. The distortion thus 
introduced may cause inaccurate results when measurements are made on the 
chart. 

Permanent corrections to charts should be made in ink so that they will not be 
inadvertently erased. All other lines should be drawn lightly in pencil so that they 
can be easily erased without removing permanent information or otherwise damag- 
ing the chart. To avoid possible confusion, lines should be drawn no longer than 
necessary, and adequately labeled. When a voyage is completed, the charts should 
be carefully and thoroughly erased unless there has been an unusual incident such 
as a grounding or collision, when they should be preserved without change, as they 
will undoubtedly be requested by the investigating authority. After a chart has 
been erased, it should be inspected carefully for possible damage and for incom- 
pletely erased or overlooked marks that might prove confusing when the chart is 
next used. 

When not in use charts should be stowed flat in their proper drawers or 
portfolios, with a minimum of folding. The stowed charts should be properly in- 
dexed so that any desired one can be found when needed. In removing or replacing 
a chart, care should be exercised to avoid damage to it or other charts. 

A chart that is given proper care in use and stowage can have a long and 
useful life. 

523. Chart lighting.—In the use of charts it is important that adequate lighting 
be provided. However, the light on the bridge of a ship underway at night should be 
such as to cause the least interference with the darkness-adaptation of the eyes of 
bridge personnel who watch for navigational lights, running lights, dangers, etc. 
Experiments by the Department of the Navy have indicated that red light is least 
disturbing to eyes which have been adapted to maximum vision during darkness. In 
some instances red lights, filters, or goggles have been provided on the bridges or in 
chartrooms of vessels. However, the use of such light seriously affects the appear- 
ance of a chart. Red, orange, and buff disappear. Other colors may appear changed. 
This has led to the substitution of nautical purple for red and orange, and gray for 
buff on some charts. However, before a chart is used in any light except white, a 
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preliminary test should be made and the effect noted carefully. If a glass or plastic 
top is provided for the chart table or desk, a dim white light below the chart may 
provide sufficient illumination to permit chart reading, without objectionable dis- 
turbance of night vision. ‘ 

524. Use of small-craft charts.—Although the small-craft charts published by 
the National Ocean Service are designed primarily for boatmen, these charts at 
scales of 1:80,000 and larger are in some cases the only charts available of inland 
waters transited by large vessels. In other cases the small-craft charts may provide 
a better presentation of navigational hazards than the standard nautical chart 
because of scale and detail. Therefore, it behooves navigators of large vessels transit- 
ing inland waters not to ignore the small-craft charts. 
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CHAPTER VI 


iNSTRUMENTS FOR PILOTING AND DEAD RECKONING 


Introduction 


601. Kinds of instruments.—The word “instrument” has several meanings, at 
least two of which apply to navigation: (1) an implement or tool, and (2) a device by 
which the present value of a quantity is measured. Thus, a straightedge and a 
mechanical log are both instruments, the first serving as a tool, and the second as a 
measuring device. This chapter is concerned with the navigational instruments used 
for plotting, and those for measuring distance or speed, depth, and direction. Instru- 
ments for measuring time are discussed in chapter XV. These quantities are the 
basic data in dead reckoning (ch. VIII) and piloting (ch. X). Other instruments are 
discussed in chapters XV and XXXVII. 

In addition to the instruments discussed, several others are important to the 
navigator. Binoculars are helpful in observing landmarks. A flashlight has many 
uses, the principal one being to illuminate the scales of instruments when they are 
to be read at night. Erasers should be soft, and pencils should not be so hard that 
they damage the surface of the chart. The navigator’s chart is discussed in chapter 
V. 


Plotting Instruments 


602. Dividers and compasses.—Dividers, or ‘‘pair of dividers,” is an instrument 
originally used for dividing a line into equal segments. The instrument consists 
essentially of two hinged legs with pointed ends which can be separated to any 
distance from zero to the maximum imposed by physical limitations. The setting is 
retained either by friction at the hinge, as in the usual navigational dividers, or by 
means of a screw acting against a spring. 

If one of the legs carries a pencil or ruling pen, the instrument is called 
compasses. The two legs may be attached to a bar of metal or wood instead of being 
hinged, thus permitting greater separation of the points. Such an instrument is 
called beam compasses or beam dividers. 

The principal use of dividers in navigation is to measure or transfer distances 
on a chart, as described in article 804. Compasses are used for drawing distance 
circles or any plotting requiring an arc of a circle. 

The friction at the hinge of most dividers and compasses can be varied, and 
should be adjusted so that the instrument can be manipulated easily with one hand, 
but will retain the separation of the points in normal handling. A drop of oil on the 
hinge may be required occasionally. The points should be sharp, and should have 
equal length, permitting them to be brought close together for the measurement of 
very short distances. 

For navigation, it is desirable to have dividers and compasses with comparative- 
ly long legs, to provide adequate range for most requirements. It is desirable to 
learn to manipulate dividers or compasses with one hand. 
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603. Parallel rulers are an instrument for transferring a line parallel to itself. 
In its most common form it consists of two parallel bars or rulers, connected in such 
a manner that when one is held in place on a flat surface, the other can be moved, 
remaining parallel to its original direction. Firm pressure is required on one ruler 
while the other is being moved, to prevent slippage. The principal use of parallel 
rulers in navigation is to transfer the direction of a charted line to a compass rose, 
and vice versa. 

The edges of the rulers should be truly straight; and in the case of double-edged 
rulers, should be parallel to each other in order that either edge can be used. 
Parallelism can be tested by comparison of all edges with the same straight line, as 
a meridian or parallel of a Mercator chart. The linkage can be tested for looseness 
and lack of parallelism by ‘walking’ the rulers between parallel lines on opposite 
sides of the chart and back again. 

Some metal parallel rulers have a protractor engraved on the upper surface to 
permit orientation of the ruler at any convenient meridian. 

In one type of instrument, parallelism during transfer is obtained by support- 
ing a single ruler on two knurled rollers. Both rollers have the same diameter, and 
the motion of one is transmitted to the other by an axle having a cover which 
provides a convenient handle. This type of ruler is convenient and accurate, and is 
less likely to slip than the linked double-ruler type. However, care is necessary to 
prevent its rolling off the chart table when the vessel is rolling or pitching. 

Directions can also be transferred by means of two triangles such as are used in 
drafting, or by one triangle and a straightedge. One edge of a triangle is aligned in 
the desired direction and the triangle is then moved along a straightedge held 
firmly against one of its other edges until the first edge is at the desired place on 
the chart. Some triangles have protractors (art. 604) engraved on them to assist in 
transferring lines. Such a triangle becomes a form of plotter (art. 605). 

604. Protractor.—A protractor is a device for measuring angles on a chart or 
other surface. It consists essentially of a graduated arc, usually of 180°, on suitable 
material such as metal or plastic. 

A three-arm protractor consists essentially of a circular protractor with three 
radial arms attached. This instrument is discussed in greater detail in article 1102. 

605. Plotters.—The increased popularity of graphical methods in practical navi- 
gation during recent decades has resulted in the development of a wide variety of 
devices to facilitate plotting. In its most common form, such a device consists 
essentially of a protractor combined with a straightedge. There are two general 
types, one having no movable parts, and the other having a pivot at the center of 
the arc of the protractor to permit rotation of the straightedge around the protrac- 
tor. Examples of the fixed type are illustrated in figure 605. Those shown were 
designed for air navigation, but are applicable to many processes of marine naviga- 
tion. The direction of the straightedge is controlled by placing the center of the 
protractor arc and the desired scale graduation on the same reference line. If the 
reference line is a meridian, the directions shown by the straightedge are true 
geographic directions. If, as in some processes of celestial navigation, it is desired to 
plot a line perpendicular to another line, the direction may be measured from a 
parallel of latitude or its equivalent, instead of adding or subtracting 90° from the 
value and measuring from a meridian. Some fixed-type plotters have auxiliary 
scales labeled to indicate true direction if a parallel is used as the reference. - 
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FicureE 605.—Two plotters having no movable parts. 


Most plotters also provide linear distance scales, as shown in figure 605. In the 
movable-arm type of plotter, a protractor is aligned with a meridian, and the 
movable arm is rotated until it is in the desired direction. 

606. Drafting machine.—If a chart table of sufficient size is available, a draft- 
ing machine (fig. 606) is probably the most desirable plotting instrument. The 
straightedge of this instrument can be clamped so as to retain its direction during 
movement over the entire plotting area. Straightedges of various lengths and linear 
scales are interchangeable. Some models make provision for mounting two straight- 
edges perpendicular to each other. However, for most purposes of navigation, the 
perpendicular is more conveniently obtained by the use of a triangle with a single 
straightedge. The movable protractor also retains its orientation, and can be adjust- 
ed to conform to the compass rose of a chart secured in any position on the chart 
table. Directions of the straightedge can then be read or set on the protractor 
without reference to charted compass roses. Use of the clamped protractor requires 
that charted meridians be straight and parallel, as on a Mercator chart (art. 305). 
Its use is restricted with projections such as the Lambert conformal (art. 314), on 
which meridians converge. 

When a drafting machine is used, the chart or plotting sheet is first secured to 
the chart table. The straightedge is aligned with a meridian (or parallel) and 
clamped in position. The protractor is then adjusted so that 000° and 180° (090° and 
270° if a parallel is used) are at the ruler indices, and clamped. With this setting, 
any subsequent position of the ruler is indicated as a true direction. If the protrac- 
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FIGURE 606.—Drafting machine. 


tor is offset by the amount of the compass error (ch. VII), true directions can be 
plotted by setting the straightedge at the compass direction on the protractor, 
without need for applying compass error arithmetically. However, it is generally 
preferable to keep it set to true directions. 

If accurate results are to be obtained, the anchor base must be rigidly fastened 
to the chart table. This should be checked from time to time, as the base may be 
loosened by vibration or normal use. The pivots in the anchor base should be firm 
without binding. The endless belts of the parallel motion mechanism should be taut 
if rigidity of the ruler is to be preserved. Provision is usually made for adjusting 
each of the various rulers to uniformity of alignment so that any other ruler can be 
substituted without changing the setting. As with parallel rulers, the device can be 
checked for parallelism by means of meridians or parallels on opposite sides of a 
Mercator chart. 


Distance and Speed Measurement 


607. Units. of measurement.—Mariners generally measure horizontal distances 
in nautical miles (art. 205), but occasionally in yards or feet. Feet, meters, and 
fathoms are used for measuring depth of water, and feet or meters for measuring 
height above water. Nations which have adopted the metric system use meters in 
place of yards, feet, and fathoms, and for some purposes they use kilometers in 
place of nautical miles. Conversion factors for these and other units are given in 
appendix D. Nautical miles of 6,076.11549 feet (approximately) and land or statute 
miles of 5,280 feet can be interconverted by means of table 20. Meters, feet, and 
fathoms can be interconverted by means of table 21. 
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Speed is customarily expressed in knots (art. 206), or for some purposes, in 
kilometers per hour, or yards or feet per minute. For short distances, a nautical 
mile can be considered equal to 2,000 yards or 6,000 feet. This is a useful relation- 
ship because 


6,000 feet 
—__— =100 feet per minute. 
60 minutes 


Thus, speed in knots is equal approximately to hundreds of feet per minute or, 
hundreds of yards per 3-minute interval. 


608. Distance, speed, and time are related by the formula 


distance = speed x time. 


Therefore, if any two of the three quantities are known, the third can be found. The 
units, of course, must be consistent. Thus, if speed is measured in knots, and time in 
hours, the answer is in nautical miles. Similarly, if distance is measured in yards, 
and time in minutes, the answer is in yards per minute. 

Table 19 is a speed, time, and distance table which supplies one of the three 
values if the other two are known. It is intended primarily for use in finding the 
distance steamed in a given time at a known speed. Table 18 is for use in determin- 
ing speed by measuring the time needed to steam exactly one mile. 

The solution of problems involving distance, speed, and time can easily be 
accomplished by means of a slide rule (art. 115 vol. II). If the index of scale C is set 
opposite speed in knots on scale D, the distance in nautical miles appears on scale 
D opposite time in hours on scale C. If 60 of scale C is set opposite speed in knots on 
scale D, the distance covered in any number of minutes is shown on scale D 
opposite the minutes on scale C. Several circular slide rules particularly adapted for 
solution of distance, speed, and time problems have been devised. One of these, 
called the “Nautical Slide Rule,” is shown in figure 608. 

609. Measurement of distance to an object can be made in a variety of ways, as 
by radar (art. 4202), vertical angle (table 9), range finder, or by several indirect 
methods. Another method used principally for measuring distance between ships in 
formation, but useful in measuring other distances, is by means of a small, hand- 
held instrument called a stadimeter. 

Two types of stadimeters are illustrated in figure 609a. Both the Brandon or 
sextant type and the Fisk type operate on the principle used in table 9: 


In a plane right triangle, ABC, having opposite sides a, 6, and c, 


a 
tan A=~—, and b=a cot A. 
b 


This is applied to the stadimeter as shown in figure 609b. The height of the object is 
set on the height scale of the instrument, and the measured subtended angle is 
expressed in yards on the distance (range) scale. To measure the angle, one directs 
the line of sight through the instrument to the water line of the object observed, 
and adjusts the range index until the reflection of the top of the object is seen in 
coincidence with the water line. If the readings are not within the scale of the 
instrument, some fraction or multiple of the height can be used and a correspond- 
ing adjustment made to the answer. Thus, if half the height is set on the instru- 
ment, the distance indicated is half the correct value. 
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FIGURE 608.—The Nautical Slide Rule. 


Since the observer’s eye is not at the water level, a right angle is not necessari- 
ly formed between the line of sight and the top of the observed object. However, the 
resulting error is so small that it can be neglected under ordinary circumstances. 

The aspect of a ship observed should be considered in stadimeter ranges. Thus, 
little error is introduced if the observer is broad on the beam of the other vessel, as 
in figure 609b, but less accuracy is obtained if the other vessel presents an end-on 
view, unless the water line directly below the masthead is correctly estimated. 

A stadimeter can be used to indicate that a change in distance has occurred, 
even when the height of the object is not known. Similar indication of a change in 
distance can be obtained by a sextant (art. 1005), or the actual distance can be 
determined by the measured angle and table 9 if the height is known. 

610. Measurement of distance traveled may be made directly, or the distance 
can be determined indirectly by means of the speed and time, using the relationship 
given in article 608. 
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Figure 609b.—Geometry of a stadimeter measurement. The distance b=a cot A. 


One of the simplest mechanical distance-measuring devices is the taffrail log, 
consisting of (1) a rotator which turns like a screw propeller when it is towed 
through the water; (2) a braided log line, up to 100 fathoms in length, which tows 
the rotator and transmits its rotation to an indicator on the vessel; and (8) a dial 
and pointer mechanism which registers the distance traveled through the water. In 
some installations, the readings of the register are transferred electrically to a dial 
on or near the bridge. 

The taffrail log is usually streamed from the ship’s quarter, although it may be 
carried at the end of a short boom extending outboard from the vessel. The log line 
should be sufficiently long, and attached in such position, that the rotator is clear of 
the disturbed water of the wake of the vessel; otherwise an error is introduced. 
Errors may also be introduced by a head or following sea; by mechanical wear or 
damage, such as a bent fin; or by fouling of the rotator, as by seaweed or refuse. 

An accurately calibrated taffrail log in good working order provides informa- 
tion of sufficient reliability for most purposes of navigation. Its readings should be 
checked at various speeds by towing it over a known distance in an area free from 
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currents. Usually, the average of several runs, preferably in opposite directions, is 
more accurate than a single one. If an error is found, it is expressed as a percentage 
and applied to later readings. The calibration should be checked from time to time. 

Although a taffrail log is included in the equipment carried by many oceango- 
ing vessels, the convenience and reliability of other methods of determining dis- 
tance or speed have reduced the dependence formerly placed upon this instrument. 

611. Measurement of speed.—Speed can be determined indirectly by means of 
distance and time, or it can be measured directly. All instruments now in common 
use for measuring speed determine rate of motion through the water. This is done 
(1) by electromagnetic induction, (2) by differential pressure or measurement of the 
water pressure due solely to the forward motion of the vessel, (3) by measuring the 
resistance to the motion of the vessel, (4) by means of a small screw propeller 
having a speed of rotation proportional to the speed of the vessel, and (5) by 
determining the relationship between vessel speed and speed of rotation of its screw 
or screws. Instruments for measuring speed, like those for measuring distance, are 
called logs. 

Before the development of modern logs, speed was determined in a number of 
ways. Perhaps the most common primitive device is the chip log (art. 112), although 
a ground log (a weight, with line attached, which was thrown overboard and rested 
on the bottom in shallow water) and a Dutchman’s log (art. 112) have also been 
used. These devices are rarely used by modern navigators. 

Speed over the bottom can be determined (1) by direct measurement as by 
doppler sonar speed log (ch. XLV) and sensing accelerations (ch. XLVI); (2) by 
measuring on the chart or plotting sheet the distance made good between fixes, and 
dividing this by the time; or (8) by finding the vector sum of velocity through the 
water and velocity of the current. 

612. Problems of water-speed measurement.—Speed measured relative to water 
is not a stable well-defined quantity because of the motion of the water itself. Most 
speed logs now used to measure speed through the water measure speed relative to 
water within the hydrodynamic influence of the vessel’s hull and in the immediate 
vicinity of the motion sensor itself. Speed measured with respect to a small volume 
of the water disturbed by a vessel’s hull may vary significantly from speed with 
respect to a nearby volume of water. In addition, the motions of a vessel, such as 
yaw and pitch, introduce variations in the speed over the ground. These speed 
variations combined with sensor response characteristics can generate appreciable 
errors in the speed measurement. Many of the uncertainties and errors in the 
measurement of a vessel’s speed are functions of the ocean environment and of the 
characteristics of the vessel carrying the speed sensor. These causes of measure- 
ment uncertainty limit the ultimate accuracy of a speed log installation, irrespec- 
tive of the accuracy of the instrumentation itself. 

The potential flow field represents the changes in the water velocity and 
pressure distributions caused by the shape, size, and orientation to the flow of the 
vessel carrying the speed sensor. As water changes its flow direction to pass around 
the underwater body of a vessel of a given configuration, the resulting accelerations 
and decelerations generate water velocities near the hull that are significantly 
different from the velocity of water relative to the vessel far from the influence of 
the vessel’s hull. 

Since each hull configuration experiences different local velocities, each system 
(hull and sensor) must be calibrated to remove the system errors inherent in the 
combination of hull and sensor. The usefulness of measured-mile calibrations in 
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calibrating out system errors is limited by the water depth. Many of the available 
measured-mile courses are too shallow for accurate calibration. The viscosity of the 
water results in a friction boundary layer or layer of water carried along with the 
hull. The thickness of this boundary layer varies from fractions of inches at the bow 
to the order of feet near the stern. In this layer, the water velocity changes from 
zero at the hull to a value within several percent of free-stream velocity at the 
outer edge of the boundary layer. As a consequence, sensing elements usually have 
to extend beyond the boundary layer. 

Appendages, such as sonar domes, create wakes that cause error in speed 
sensors located downstream. For optimum operation, speed sensors should not be 
mounted near wakes of appendages. However, it is not always possible to place a 
sensor entirely out of the wake of an appendage, and the resulting error must be 
accepted. 

Shallow water effect is a particular aspect of the potential-flow problem that 
occurs when a vessel is in shallow water. The closeness of the bottom changes the 
potential-flow velocity distribution by restricting the region in which the water can 
flow around the hull, causing an increase in the speed reading of a bottom-mounted 
sensor. The speed problem is compounded because shallow water increases the drag 
of a vessel causing a decrease of actual speed. It is possible that the speed-reading 
error coupled with the actual speed decrease may result in no change in indicated 
speed, while, in fact, the vessel has actually slowed. The precise effects of shallow 
water on the speed reading are difficult to determine for any specific vessel, and 
there is no rule of thumb that is applicable to all types and sizes of hulls. 

The speed sensor is usually rigidly attached to and undergoes the motions of 
the vessel carrying it. The vessel may be considered a rigid body with six degrees of 
freedom, three translation degrees of the vessel’s center of gravity and three rota- 
tional degrees about the center of gravity. The speed sensor or sensing region is 
seldom located at the vessel’s center of gravity; therefore, the sensor undergoes 
additional linear displacements proportional to the distance from the center of 
gravity and the rotation rate. 

Average motion errors result from static or dynamic orientation difference 
from the designed sensor orientation. Speed sensors are usually oriented to measure 
the water velocity component parallel to the longitudinal axis of the vessel. Neglect- 
ing the effects of vessel trim on the water flow near the hull, a change in the static 
trim from the design trim could reduce the sensed velocity by the cosine of the trim 
angle through the geometric effects alone. Also, the vessel is normally pitching, 
yawing, and rolling. The instantaneous pitch and yaw angles cause similar cosine 
function reductions because the vessel’s actual velocity vector is not parallel to the 
longitudinal axis, and the sensor signal is always reduced by these effects. A more 
significant error results when the vessel has a drift component due to wind. The 
speed sensor will not measure this leeway. Most of the average motion errors are 
quite small (less than a few tenths of 1 percent) and can be neglected. Leeway due 
to wind may be several knots and cannot be neglected if accurate velocity sensing 1s 
required. ; 

Oscillatory errors are the differences between the instantaneous speed reading 
and the vessel’s speed caused by its motion. The oscillatory errors tend to average 
out over a period of several minutes but may cause appreciable errors in applica- 
tions requiring a continuous speed input. While almost all of the vessel s motions 
affect the instantaneous speed reading, the primary cause of the oscillatory error is 
the pitching motion. For example, for a vessel pitching with an amplitude of only 
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2% degrees and a period of 5 seconds with the sensor mounted 10 feet below the 
center of gravity, the oscillatory error is + ¥3 knot. 

Maneuvering errors are those speed-sensing errors caused by controlled mo- 
tions of the vessel. For example, when a vessel turns, a drift angle is developed 
between the heading and the actual water velocity vector at the sensor. The speed 
sensor only measures the longitudinal velocity component, and the speed is reduced 
by the cosine of the drift angle at the sensor. 

Variability is one of the primary characteristics of water movement in the 
ocean. This allows prediction of only average values, with the possibility that at any 
particular time the actual current may be quite different in both direction and 
magnitude. For example, in the Gulf Stream off Florida, there is 72 percent proba- 
bility that the current will be toward the northeast with a strength greater than 2 
knots. However, there is a 4 percent probability of no current, and a 7 percent 
probability that the current will be toward the southwest with a strength of % to 1 
knot. In the Sargasso Sea there is almost equal probability of any current direction 
with magnitudes of ¥ to % knot. Thus, it becomes obvious that in correcting for 
current, average values can be predicted, but large errors are possible unless 
currents can be accurately measured. : 

Problems of water-speed measurement by doppler sonar speed logs are dis- 
cussed in chapter XLV. 

613. The electromagnetic underwater log, commonly called the EM log, con- 
sists essentially of a rodmeter, sea valve, indicator-transmitter, and remote control 
unit (fig. 613a). The rodmeter is a strut of streamlined cross section. A sensing 
device near its tip develops a signal voltage proportional to the speed of the water 
past it. Of the two general types of rodmeters, one is fixed hull mounted and the 
other is retractable through a sea valve. The sea valve is mounted in the hull of the 
vessel and provides a watertight support through which the retractable rodmeter 
protrudes. It also seals the vessel’s hull when the rodmeter is removed. The indica- 
tor-transmitter houses all moving parts of the equipment and performs the follow- 
ing functions: (1) It indicates the vessel’s speed in knots on a dial, (2) it operates 
synchro transmitters to generate corresponding synchro signals for transmission of 
speed signals to receivers, (3) it registers on a counter the distance in nautical miles 
that the vessel has traveled through the water, and (4) it develops a synchro signal 
representing distance for transmission to receivers. The remote control unit may be 
used to set speed into the indicator-transmitter. In this mode the underwater log is 
being used as a dummy log. 

The fixed rodmeter is designed for submarines, mounts on the exterior of the 
hull, and does not require a sea valve. The hull penetration is small since only the 
connector end of the rodmeter passes into the hull. There may be two or three rods 
installed, depending on the submarine. One is usually mounted topside. A fixed 
rodmeter has also been developed for use on surface vessels. 

The principle of the electromagnetic log is that any conductor will produce a 
voltage when it is moved across a magnetic field or when a magnetic field is moved 
with respect to the conductor. Figure 613b illustrates this in elementary form. Note 
that the direction of the field, the direction of motion, and the direction of the 
induced voltage are all at right angles to each other. If the magnetic field remains 
constant, the magnitude of the voltage will be proportional to the speed of move- 
ment in the direction indicated. 

In the electromagnetic log system, a magnetic field produced by a coil in the 
sensing unit at the outer end of the rodmeter is set up in the water in which the 
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FicurE 613a.—Components of electromagnetic underwater log. 
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FicurE 613b.—Voltage induced by relative movement between magnetic field and conductor. 


lines cut the water in this plane and induce a voltage in it. Since the plane is cut by 
the insulating boot of the rodmeter, the induced voltage, sometimes called electro- 
motive force (emf), appears at the buttons in the boot. 

A better understanding of this effect can be obtained by comparing the inset of 
figure 618c with the main part of the figure. The main part shows the coil, its flux 
field, and one possible symmetrical “water circuit” (the broken white line from 
button to button) in which the voltage is induced. The inset shows the plane in 
which the “water circuit” (one of the many that are possible) exists. 

The voltage induced by the vessel’s motion is, in general, proportional to the 
rodmeter’s speed with respect to the water. The induced voltage is affected by the 
flow characteristics of the water past the rodmeter (whether laminar (smooth) or 
turbulent). The sensor and electronics are designed so that no significant current is 
drawn from the induced voltage and normal variations of water conductivity do not 
affect the sensor accuracy. 

The vessel’s motion other than forward speed, such as pitch and roll, will also 
produce output signals from the rodmeter. 

In order to accurately measure the precise speed signal generated by the 
sensing unit, most electromagnetic log systems employ a “null-balance” type of 
electronic voltmeter. For systems currently in naval service, this voltmeter employs 
an electromechanical servo and dial indicator system such as the one illustrated in 
figure 613d. Newer systems use all electronic instrumentation and have digital 
displays. Typical system characteristics include: (1) sensor output signal of 325 
microvolts per knot; (2) instrument speed accuracy of 0.05 knot; (3) sensitivity to 
speed changes of 0.01 knot; (4) instrument distance accuracy of better than 1 
percent of water distance traveled; and (5) capability to compensate for different 
hull flow characteristics. Several commercial electromagnetic logs provide slightly 
less precision. 

614. Speed measurement by dynamic water pressure.—When an object is 
moving through a fluid such as water or air, its forward side is exposed to a 
dynamic pressure which is proportional to the speed at which the object is moving, 
in addition to the static pressure due to depth and density of the fluid above the 
object. Therefore, if dynamic pressure can be measured, this principle can be used 
for determining speed. 
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Ficure 613c.—Sensing principle of electromagnetic log. 


One of the most widely used means of measuring dynamic pressure is by a 
Pitot tube. This device consists of a tube having an opening on its forward side or 
end. If the tube is stationary in the water, this opening is subject to static pressure 
only. But when the tube is in motion, the pressure at the opening is the sum of 
static and dynamic pressures. This is called Pitot pressure or total pressure. The 
Pitot tube is surrounded by an outer tube which has openings along its athwartship 
sides. Whether the tube is stationary or in motion, these openings are subject to 
static pressure only. 

In the Pitot-static log, the Pitot tube is in the form of a vertical “rodmeter” 
which extends through and is supported by a sea valve in the vessel’s bottom. The 
tube extends 24 to 30 inches below the bottom of the vessel into water relatively 
undisturbed by motion of the hull. The two pressures, Pitot and static, are led to 
separate bellows attached to opposite ends of a centrally pivoted lever. This lever is 
electrically connected to a mechanism which controls the speed of a pump. When 
the vessel is dead in the water, the pressures are equal, and the pump is stopped. 
When the ship is moving, the pump speed is regulated so that the pressures in the 
two bellows are equalized. Thus, the pump speed is proportional to the ship speed. 
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Ficure 613d.—Electromagnetic log speed measuring system. 


Various less accurate instruments have been devised for determining speed by 
measuring water pressure due to forward motion of the vessel. These are relatively 
simple, inexpensive instruments intended primarily for use by small craft. One 
instrument, the force log, has a strut which the water pressure forces aft against a 
calibrated spring. A flexible hydraulic cable transmits the motion to a speed indica- 
tor. The force log is probably the oldest of the speed logs used today. The principle 
of this log is that the resistance (drag) force on a drag strut is proportional to the 
square of the vessel’s speed. Another instrument uses a small scoop attached to the 
hull of the vessel. The pressure of the water scooped up is transmitted by tubing to 
the speed indicator, which is essentially a pressure gauge graduated in knots. A 
third type measures the drag of a small towed object. The accuracy of such devices 
depends to a large extent upon the refinements of design, manufacture, installation, 
maintenance, and calibration. 

615. Impeller log.—The impeller log may be a hull-mounted or a towed log. The 
impeller (propeller) rotates as it moves through the water. The number of its 
revolutions is proportional to the distance traveled through the water, and its speed 
of rotation is proportional to the vessel’s speed. These logs usually employ a mag- 
netic-induction type of pulse frequency generator so that no physical contact, other 
than bearing surface, is required between the rotor and the body of the instrument. 
This design permits the use of simple and accurate instrumentation. The character- 
istic curve of output frequency versus speed for this log is quite linear, except at 
very low speeds. The nonlinear curve at low speeds is the result of bearing drag on 
the otherwise freely rotating impeller. 

616. Speed by engine revolution counter.—The number of turns of a propeller 
shaft is proportional to the distance traveled. If the element of time is added, speed 
can be determined. If the screw were advancing through a solid substance, the 
distance it would advance in one revolution would be the pitch of the screw. Thus, 
if a propeller having a pitch of 10 feet turns at 200 revolutions per minute, it 
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advances 2,000 feet in one minute, equivalent to a speed of 19.75 knots. It does not 
do so in water because of slip, the difference between the distance it would advance 
in a solid substance and actual distance traveled, expressed as a percentage of the 
former. For example, if slip is 18 percent, both the ship’s speed and distance covered 
are reduced by this percentage. Thus, instead of 19.75 knots, the speed is only 
19.75 x 0.82=16.2 knots. 

Slip depends upon the type and speed of rotation of the propeller, the type of 
ship, the condition of loading and ship’s bottom, the state of the sea and the ship’s 
course relative to it, and the apparent wind. Despite the many variables, slip can be 
determined with sufficient accuracy for practical navigation. This is usually accom- 
plished by steaming a known distance and noting the time of passage. The speed 
corresponding to the number of revolutions being used can then be determined by 
means of the formula of article 608, in the form 


distance 
tc ae 
time 

or by reference to table 18 (if the distance is exactly one mile). Thus, speed can be 
determined directly, without computing slip, and a table or curve of ship speed for 
various engine revolution speeds can be made. Appendix U provides guidelines for 
determining speed in this manner. Any suitable distance can be used, but a dis- 
tance of one nautical mile has been measured at various convenient locations. Each 
such measured mile is suitably marked on the beach, and shown on the chart, with 
the course to steer. 

This method of determining speed is widely used in the merchant marine. By 
means of an engine revolution counter the number of revolutions during any 
suitable time interval can be measured. If a tachometer is available, the rate of 
shaft revolution is determined, usually in revolutions per minute. For best results, 
allowance should be made for condition of the bottom, draft and trim of the vessel, 
and the state of the sea. 


Depth Measurement 


617. Importance.—Accurate knowledge of the depth of water under a vessel is 
of such navigational importance that there is a legal requirement that American 
merchant vessels of 500 gross tons or more engaged in ocean and coastwise service 
“shall be fitted with an efficient mechanical deep-sea sounding apparatus in addi- 
tion to the deep-sea hand leads.” 

618. The lead (léd) is a device consisting of a suitably marked line having a 
weight attached to one of its ends. It is used for measuring depth of water. Al- 
though the lead is probably the oldest of all navigational aids, it is still a highly 
useful device, particularly in periods of reduced visibility. Although its greatest 
service is generally in the shoal water near the shore, it sometimes can provide 
valuable information when the vessel is out of sight of land. aust 

Two types of lead are in common use: the hand lead, weighing from T to 14 
pounds and having a line marked to about 25 fathoms; and the deep-sea (dipsey) 
lead, weighing from 30 to 100 pounds and having a line marked to 100 fathoms or 
more in length. The markings commonly used on lead lines are as follows: 
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Distance Selig 

fi narileda Marking fi ours ae Marking 

fathoms fathoms 
2 two strips of leather 20 short line with two knots 
3 three strips of leather 25 short line with one knot 
5 white rag (usually cotton) 80 short line with three knots 
7 red rag (usually wool) 35 short line with one knot 
10 leather with hole 40 short line with four knots 
13 same as three fathoms 45 short line with one knot 
15 same as five fathoms 50 short line with five knots 
17 same as seven fathoms etc. 


Fathoms marked on the lead line are called marks. The intermediate whole 
fathoms are called deeps. In reporting depths it is customary to use these terms, as 
“by the mark five,” “deep six,” etc. The only fractions of a fathom usually reported 
are halves and quarters, the customary expressions being “and a half, eight,” “less 
a quarter, four,” etc. A practice sometimes followed is to place distinctive markings 
on the hand lead line at each foot near the critical depths of the vessel with which 
it is to be used. The markings should be placed on the lead line when it is wet, and 
the accuracy of the marking should be checked from time to time to detect any 
changes in the length of the line. The distance from the hand of the leadsman to 
the surface of the water under various conditions of loading should be determined 
so that correct allowance can be made when the marking nearest the surface 
cannot be observed. 

The lead itself has a recess in its bottom. If this recess is filled with tallow or 
other suitable substance, a sample of the bottom can sometimes be obtained. This 
information can prove helpful in establishing the position of the vessel. If tallow is 
not available, some other substance can be used. Soap is suitable if it is replaced 
from time to time. When the recess is filled for obtaining a sample, the lead is said 
to be armed with the substance used. 

619. Echo sounder.—Most soundings are made by means of an echo sounder. 
In this instrument a pulse of electrical energy is converted periodically to sound 
energy and transmitted downward by a transducer. When the energy strikes the 
bottom (or any other object having acoustic properties different from those of 
water), a portion is reflected back to the transducer as an echo. This energy is 
reconverted to electrical energy for presentation. Because the speed of sound in 
water is nearly constant, the amount of time which elapses between the transmis- 
sion of a pulse and the reception of its echo is a measure of the distance traveled, or 
in this case, depth. 

Depth information is presented in either of two ways; namely, an indicator 
consisting of a cathode-ray tube or a recorder which records depth on calibrated 
paper. 

There are many forms of echo sounder. A typical installation (fig. 619a) consists 
essentially of a receiver-transmitter, transducer, and interconnecting cables. The 
receiver-transmitter includes all components and subassemblies of the system, 
except the transducer and interconnecting cables. The recorder performs the func- 
tion of recording depth versus time on a paper roll visible through a window in the 
cabinet’s front door. When the recorder is used, it keys the transmitter at a 
predetermined rate. The cathode-ray tube indicator, mounted below the recorder, 
indicates depth on a cathode-ray tube; a calibrated circular dial overlays the cath- 
ode-ray tube providing a means for reading the depth through an opening in the 
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cabinet’s front door. When the indicator is used, it keys the transmitter at a 
predetermined rate. The transducer converts the electrical energy to sound energy, 
transmits the sound into the water, receives returned echoes, and converts the 
returned energy to electrical energy. 

When the recorder of the typical installation (fig. 619a) is energized by placing 
the depth range switch in one of the three recorder positions (600 feet, 600 fathoms, 
6000 fathoms), a specially treated recording paper, held between two rollers, is 
moved at a uniform speed horizontally in front of a grounded plate. At the same 
time a stylus assembly is moved at a uniform speed vertically across the face of the 
paper. The rate of movement depends on the range selected, and is so fixed that one 
of the two stylii appears at the top of the recording paper (0 depth) when the 
transmitter is keyed and reaches the bottom of the paper at the same time as an 
echo would be received from the maximum depth of the selected depth range. 

The recording paper is marked by the application of a voltage between the 
stylus and the grounded plate when the echo is received. 

In the same installation, depth indication on the 100 feet and 100 fathom scales 
is given on the face of a cathode-ray tube by radial modulation of a circular sweep. 
The illuminated trace follows a circular course at a constant angular velocity. The 
time to complete one revolution is the time required for an echo to return from 100 
feet or 100 fathoms at the assumed speed of sound in water. The transmitted pulse 
and the returned echoes cause radial modulations. Beams of light thus appear 
behind a calibrated screen covering the indicator tube face, one at position zero 
(transmitted pulse) and the others at positions corresponding to the echoes (fig. 
619b). 

The transmitter is keyed mechanically by the recorder or electronically by the 
cathode-ray tube indicator circuit, depending on the depth range scale in use. 
Keying may be automatic or manual. 

The operator must observe certain precautions in his use of this typical instal- 
lation. He must change depth range scales when conditions warrant. For example, a 
depth of 300 feet can be recorded on the 6000-fathom scale, better on the 600-fathom 
scale, but best on the 600-foot scale. If a range is selected which is less than the 
water depth, the echo will return either after the stylus that keyed the transmitter 
has left the paper (resulting in no indication) or after the other stylus has reached 
the paper (resulting in a false indication). Similarly, if an indicator range is selected 
which is less than the water depth, the result will be no indication or a false 
indication. 

Examples of how false echoes can be produced follow. Suppose the water depth 
beneath the vessel is 1,300 feet and the 600-foot recorder scale is in use. Refer to 
figure 619c. Stylus A marks the paper at zero and travels downward while stylus B 
travels upward. Stylus B must travel a distance corresponding to 1,200 feet before it 
appears at the zero line. If the water depth is 1,300 feet, stylus B will mark the 
paper at 100 feet. It is obvious that if the water depth is from 600 to 1,200 feet, no 
echo will appear on the paper. 

If the water depth is 120 feet and the 100-foot indicator scale is in use, a false 
echo will appear at 20 feet. 

In either case, the false indications can be avoided by starting on the highest 
scale and then switching to the scale best suited to give optimum presentation. 

The receiver gain must be set for optimum response. Too high a gain will result 
in reverberation which manifests itself as an elongation of the transmitted pulse. 
Too high a gain may also result in multiple echoes. Multiple echoes are caused by 
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FIGURE 619b.—Cathode-ray tube indicator. Ficure 619c.—Side view of stylus belt. 


the returning echo striking the vessel’s keel or the water surface, reflecting back to 
the bottom, and again returning to the transducer. Very often, several of these 


multiple echoes can be seen. In shallow water, multiple echoes may produce a 
straight line the full length of the recorder paper or, if operating on the indicator 
ranges, produce a solid mass of echoes which merges with the initial pulse. Since 
multiple echoes are considerably attenuated with respect to the original echo, they 
may be eliminated by operating with a lower gain setting. Too low a gain, on the 
other hand, will not develop enough voltage from an otherwise suitable echo to 
mark the paper. 

Echo sounders of American manufacture are calibrated for a speed of sound of 
4,800 feet per second. The actual speed varies primarily with the temperature, 
pressure, and salinity, as discussed in article 3503, but in the ocean is nearly always 
faster than the speed of calibration. The error thus introduced is on the side of 
safety unless the water is fresh or very cold. Soundings shown on charts are those 
obtained by an echo sounder without correction, and can therefore be compared 
directly with the readings obtained aboard ship since the variation in speed from 
mean conditions is not great. Only in precise scientific work should it be necessary 
to correct the readings for actual sound speed under prevailing conditions. Accurate 
adjustment can be made only if information is available on conditions at various 
depths. 

Errors are sometimes introduced by false bottoms. If soft mud covers the ocean 
floor, some of the sound-wave energy may penetrate to a harder layer beneath, 
resulting in indication of two bottoms. It is not unusual in deep water to receive a 
strong return at a depth of about 200 fathoms during the day, and somewhat nearer 
the surface at night. This is called the phantom bottom or deep scattering layer. It 
is believed to be due to large numbers of tiny marine animals. Schools of fish return 
an echo sufficiently strong to make the echo sounder a valuable aid to commercial 
fishermen. ; 

In modern equipment the sound waves, whether sonic or ultrasonic, are pro- 
duced electrically by means of a transducer, a device for converting electrical 
energy to sound waves, or vice versa. The transducer utilizes either the piezo- 
electric properties of quartz or the magnetostriction properties of nickel and its 


alloys. 
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Early models produced sound signals by striking the ship’s hull with a mechan- 
ical hammer in the forward part of the vessel. The echo was received by a micro- 
phone in the after part of the vessel, depth being determined by the angle at which 
the signal returned. 


a 


Direction Measurement 


620. Reference directions.—A horizontal direction is generally expressed as an 
angle between a line extending in some reference direction and a line extending in 
the given direction. The angle is numerically equal to the difference between the 
two directions, called the angular distance from the reference direction. Unless the 
reference direction is stated or otherwise understood, the intended direction is in 
doubt. Thus, to a navigator, direction 185° is southeast. To an astronomer or 
surveyor, it may be northwest. 

A number of reference directions are used in navigation. If a direction is stated 
in three figures, without designation of reference direction, it is generally under- 
stood that the direction is related to true (geographical) north. When grid naviga- 
tion (art. 2510) is being used, particularly in high latitudes, grid north is generally 
used as the reference direction. The reference direction for magnetic directions is 
magnetic north, and that for compass directions is compass north. For relative 
bearings it is the heading of the ship. For amplitudes, the reference direction is east 
or west, usually 090° or 270° true, but magnetic, compass, or even grid east or west 
may be used. In maneuvering situations, the heading of another vessel might be 
used as the reference direction. 

The primary function of an instrument used for measuring direction is to 
determine the reference direction. This having been done, other directions can be 
indicated by a compass rose oriented in the reference direction. North is established 
by some form of compass. A compass rose is attached to the north-seeking element 
so that other directions can be determined directly. However, if one always keeps in 
mind that the primary function of the instrument is to indicate a reference direc- 
tion, he should be able to avoid some of the mistakes commonly made in the 
application of compass errors. 

621. Desirable characteristics of a navigational compass.—To adequately serve 
its purpose, a navigational compass needs to have certain characteristics to permit 
it to meet requirements of accuracy, reliability, and convenience. 

The most important characteristic is accuracy. No other quality, however im- 
portant or to whatever extent it may be possessed, compensates for the lack of 
accuracy. This does not mean that the compass need be without error, but that such 
errors as it may possess can be readily determined. Provisions should be made for 
removing deviation or reducing it to a minimum (ch. VII). If accurate horizontal 
directions are to be determined, the compass needs to be provided with some type of 
compass rose maintained in a horizontal position. Adequate sighting equipment is 
needed if bearings are to be observed, and an index is needed to mark the forward 
direction parallel to the keel if heading is to be measured. Accurate readings cannot 
be expected from a compass that hunts (oscillates) excessively. A characteristic 
closely related to accuracy is precision. The amount of precision required varies 
somewhat with the use and depends as much upon the steadiness of the compass 
and its design as upon its inherent qualities. 

A compass is reliable when its operation is not often interrupted; when its 
indications are relatively free from unknown or unsuspected disturbances; when it 
is little affected by extremes of temperature, moisture, vibration, or the shock of. 
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gunfire; and when it is not so sensitive that large errors are introduced by ordinary 
changes in conditions or equipment near the compass. 

_The value of a compass is dependent somewhat upon the convenience with 
which it can be used. Accuracy, too, may be involved. Thus, a compass should not be 
installed in such a position that one must be in an unnatural or uncomfortable 
position to use it. A compass intended for use in obtaining bearings is of reduced 
value if it is installed at a location that does not permit an unobstructed view in 
most directions. The compass graduations and index should be clean, adequately 
lighted if the instrument is to be used at night, and clearly marked. 

622. Kinds of compasses.—The compasses commonly used by the mariner are 
(1) magnetic and (2) gyroscopic. The magnetic compass tends to align itself with the 
magnetic lines of force of the earth, while the gyrocompass seeks the true (geo- 
graphic) meridian. The word ‘‘compass’’ is also applied to instruments which do not 
continuously indicate some form of north. Thus, the free gyro (art. 630) tends to 
remain approximately aligned with any great circle to which it is set. 

A compass may be designated to indicate its principal use, as a standard, 
steering, or boat compass. The compass designated as standard is usually a magnet- 
ic compass installed in an exposed position having an unobstructed view in most 
directions, permitting accurate determination of error. Preferably, it is located at a 
magnetically favorable position near the bridge. Before the development of a reli- 
able gyrocompass, the standard compass was used for navigation of the vessel and 
for determining the error of the steering compass. 

Although the modern, reliable gyrocompass has largely superseded the magnet- 
ic compass for most purposes, directional information is so important to a vessel 
that the availability of a second method is considered justified. It is wise to under- 
stand both types, keep a record of errors and the performance of all compasses, and 
to compare the indications of magnetic and gyrocompasses at frequent intervals, as 
every half hour when underway. 

623. Magnetic compasses.—If a small magnet is pivoted at its center of gravity 
in such manner that it is free to turn and dip, it will tend to align itself with the 
magnetic field of the earth (art. 706). It thus provides a directional reference and 
becomes a simple compass. However, such a compass would not be adequate for use 
aboard ship. For this purpose a compass should have a stronger directive element 
than that provided by a single, pivoted magnet, should have provision for measur- 
ing various directions, should have some means of damping the oscillations of the 
directive element, should be approximately horizontal, and should have some means 
of neutralizing local magnetic influences. 

In a mariner’s compass, several magnets are mounted parallel to each other. To 
them is attached a compass card having a compass rose to indicate various direc- 
tions (art. 624). Both magnets and compass card are enclosed in a bowl] having a 
glass top through which the card can be seen. The bowl is weighted at the bottom 
and is suspended in gimbals in such manner that it remains nearly horizontal as 
the vessel rolls and pitches. In nearly all modern compasses the bow] is filled with a 
liquid that supplies a buoyant force almost equal to the force of gravity acting upon 
the directive element and card. This reduces the friction on the pivot (a metal point 
in a jeweled bearing), and provides a means of damping the oscillations of the 
compass card. The card is mounted in such manner as to remain in an essentially 
horizontal position. A mark called a lubber’s line is placed on the inner surface of 
the bowl, adjacent to the compass card, to indicate the forward direction parallel to 


the keel when the bowl is correctly installed. The gimbals used for mounting the 
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compass bow! are attached to a stand called a binnacle, which in most installations 
is permanently and rigidly attached to the deck of the vessel, usually on its 
longitudinal center line. Most binnacles provide means for neutralization of local 
magnetic influences due to magnetism within the vessel. A cover or “hood” is 
provided to protect the compass from the elements, dust, etc. 

Directional information is of such importance that selection and installation of 
a suitable compass should be made carefully, seeking such guidance as may be 
needed. In the U.S. Navy this is covered by systems command directives. For 
merchant vessels and yachts, one would do well to consult a dependable compass 
adjustor before selecting and installing a compass or making any alteration in the 
vicinity of the compass. Common errors are the use of a compass designed for a 
different type craft (as an aircraft compass in a boat), permitting chrome plating of 
a binnacle by someone who does not know how to do this without creating a 
magnetic field, authorizing electric welding of steel near the compass, improper 
installation of magnetic equipment or electric appliances near the compass, allow- 
ing short circuits to occur in the vicinity of the compass, etc. 

After the compass has been selected and installed, proper adjustment and 
compensation (ch. VII) are important, and future care of the instrument should not 
be neglected. It should be checked and overhauled at regular intervals, and any 
indication of malfunctioning or deterioration, however slight, should not be over- 
looked. Discoloration of the liquid or the presence of a bubble, for instance, indi- 
cates a condition that should be investigated and corrected at once. If it becomes 
necessary to add liquid, one should be certain that he has the correct substance, 
and should attempt to determine the source of the leak. Except as a temporary 
expedient, this is best done by a professional. Some compasses should be protected 
from prolonged exposure to sunlight, to prevent discoloration of the card and liquid. 

624. The compass card is composed of light, nonmagnetic material. In nearly 
all modern compasses the card is graduated in 360°, increasing clockwise from 
north through east, south, and west. An older system still used somewhat is to 
graduate the card through 90° in each quadrant, increasing from both north and 
south. Some compass cards are graduated in “points,” usually in addition to the 
degree graduations. There are 32 points of the compass, 11%4° apart. The four 
cardinal points are north, east, south, and west. Midway between these are four 
intercardinal points at northeast, southeast, southwest, and northwest. These eight 
points are the only ones appearing on the cards of compasses used by the U.S. 
Navy. The eight points between cardinal and intercardinal points are named for the 
two directions between which they lie, the cardinal name being given first, as north 
northeast, east northeast, east southeast, etc. The remaining 16 points are named 
for the nearest cardinal or intercardinal point “by” the next cardinal point in the 
direction of measurement, as north by east, northeast by north, etc. Smaller grad- 
uations are provided by dividing each point into four “quarter points,” thus produc- 
ing 128 graduations altogether. There are several systems of naming the quarter 
points. That used in the U.S. Navy when quarter points were used is given in table 2. 

The naming of the various graduations of the compass card in order is called 
boxing the compass, an important attainment by the student mariner of earlier 
generations. The point system of indicating relative bearings (art. 1004) survived 
long after degrees became almost universally used for compass and true directions. 
Except for the cardinal and intercardinal points, and occasionally the two-point 
graduations, all of which are used to indicate directions generally (as “northwest 
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winds,’ meaning winds from a general northwesterly direction), the point system 
has become largely historical. 

625. The U.S. Navy 72-inch compass has a liquid-filled bowl in which a 7'- 
inch aluminum card is pivoted. There is provision for either one or two pairs of 
magnets, symmetrically placed. The card and magnet assembly is provided with a 
central float or air chamber to reduce the weight on the pivot to between 60 and 90 
grains (0.14 and 0.21 oz.) at 60°F when the correct compass fluid is used. Older 
compasses use a fluid consisting of 45 percent ethyl alcohol and 55 percent distilled 
water. Newer compasses use a highly refined petroleum distillate similar to varsol. 
Use of this oil increases the stability and efficiency of the compass. A hollow cone 
extends into the underside of the float. The bottom of this cone is open. The pointed 
top has a jewel bearing of synthetic sapphire. The card-float-magnet assembly rests 
on an osmiumiridium tipped pivot at the jewel center. This pivot extends upward 
from the bottom of the bowl. This compass is illustrated in figure 625. 

The compass bowl is made of cast bronze, and has a tightly gasketed glass top 
cover to prevent leakage of the liquid. A bellows-type expansion chamber is provid- 
ed to allow for changes in volume of the liquid as the temperature changes. The top 
rim or bezel of the bowl is accurately machined so that an azimuth or bearing circle 
can be placed over it. The compass is equipped with a gimbal ring for keeping the 
compass level when mounted in a binnacle. In addition to providing support for the 
compass, the binnacle has provision for housing the correctors used to partially 
neutralize local magnetic effects within the vessel. 


FIGURE 625.—U. S. Navy 7¥2-inch compass. 


626. The U. S. Navy 5-inch compass is lighter in weight and requires less space 
than the 74-inch compass. This U. S. Navy No. 3 compass has a brass compass card 
with photo-etched perforations which permit underlighting with red light to meet 
darkness adaptation requirements. When such a card is used with both transmitted 
and reflected light in all combinations, there is a “twilight zone in which the 
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intensity of the light transmitted through the perforations is equal to that of the 
reflected light from the surrounding area. In the U.S. Navy No. 3 compass this 
problem is overcome by the installation of a shaded lamp inside the binnacle hood. 
The light from this lamp is directed at the lubber’s line and adjacent compass card 
area. This light enables daylight viewing of the compass card. The red illumination 
is required only when practically complete darkness prevails. 

In addition to providing support for the compass, the binnacle illustrated in 
figure 626a has provision for housing the correctors used to partially neutralize 
local magnetic effects within the vessel. The correctors consist of a tube assembly 
with heeling magnet, quadrantal correctors, fixed fore-and-aft and athwartship 
permanent magnetic correctors, and permanent magnet correctors rotatable about 
fore-and-aft and athwartship axes. 


Courtesy of John E. Hand & Sons Company. 
Figure 626a.—Binnacle for U. S. Navy 5-inch magnetic compass. 


The fixed permanent magnets are in the form of wire magnet bundles of up to 
seven magnets each and are contained in three magnet tubes as shown in figure 
626a. The athwartship tube is fixed to the after side of the binnacle. One fore-and- 
aft tube is on the port side of the binnacle; the other is on the starboard side. 

The fixed fore-and-aft and athwartship magnets are used to obtain a “coarse” 
correction; the rotatable correctors are used to obtain a “fine” correction. Normally 
the coarse correction reduces the deviation from its original value to about 5°, the 
fine correction reduces the deviation to its residual value. 
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Except for the heeling magnet the various correctors are shown in schematic 
form in figure 626b. When the rotatable magnets on either axis lie in a plane 
parallel to the plane of the compass card, the associated magnetic field has no effect 
on the compass card magnets. This magnetic field is shown schematically in figure 
626c for the magnets rotatable about the athwartship axis. When the rotatable 
magnets are inclined to the plane of the compass card, the effect on the compass 
card magnets varies with the sine function of the angle of inclination, the maxi- 
mum effect being when the plane of the rotatable magnets is inclined 90° to the 
plane of the compass card. 
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“COARSE” ADJUST ON “COARSE” ADJUST ON 


E/W MAGNETIC HEADING E/W MAGNETIC HEADING 
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Ficure 626b.—Correcting system of U. S. Navy 5-inch magnetic compass. 
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Figure 626c.—Coarse and fine adjustments of U. S. Navy 5-inch magnetic compass. 
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Figure 626d illustrates the fine adjustment control used to rotate the magnets. 
The fine adjustment should be limited to approximately the last 5° of deviation 
correction or to the range in which the sine function is more nearly linear. 


TUBE CAP LOCKING SCREW 


Courtesy of John E. Hand & Sons Company. 


FIGURE 626d.—Fine adjustment control. 


627. Other magnetic compasses.—The U. S. Navy No. 5 magnetic boat compass 
(fig. 627a) is a top reading, flat glass topped unit. The 3-inch compass card is made 
of sheet aluminum and incorporates an annular float to obtain a degree of buoyan- 
cy in the Varsol compass fluid. The card is supported on a jewel post without the 
use of gimbals. The compass bowl employs a bellows expansion chamber which 
permits volumetric changes of the compass fluid without bubble formation. 

The correctors consist of quadrantal correctors, fore-and-aft and athwartship 
permanent magnet correctors. 

A wide variety of magnetic compasses are used in merchant ships and yachts. 
The basic principles of operation of all magnetic compasses are the same, the 
various types differing only in details of construction. A feature which is widely 
used in commercial compasses is a hemispherical top (fig. 627b) which provides 
magnification of the graduations. 

Reflection binnacles providing a periscopic readout in the wheelhouse enable 
mounting of the compass where it is usually less subject to the vessel’s magnetic 
field and the installed electrical and electronic equipment than a wheelhouse instal- 
lation. Location on the flying bridge also serves to facilitate compass adjustment 
and bearing observations. 

628. Magnetic compass limitations.—Because of its essential simplicity, a mag- 
netic compass does not easily become totally inoperative. Being independent of any 
power supply or other service, a magnetic compass may survive major damage to its 
ship without losing its utility. Small boat compasses often remain serviceable under 
the most rigorous conditions. 
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Courtesy of Danforth Division of The Eastern Company, a Connecticut Corporation. 


FicurE 627b.—A compass with a hemispherical top. 


Despite its great reliability, however, a magnetic compass is subject to some 
limitations. Since it responds to any magnetic field, it is affected by any change in 
the local magnetic situation. Hence, the undetected presence or change of position 
of magnetic material near the compass may introduce an unknown error. Thus, an 
error might be introduced by a steel wrench or paint can left near the compass, or 
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by a change in position of a steel boom or gun in the vicinity of the compass. Even 
such small amounts of magnetic material as might be included in a pocketknife or 
steel keys are sufficient to affect the compass if brought as close as they are when 
on the person of an individual standing by a compass. Nylon clothing may also 
introduce error in a magnetic compass. As distance from the compass increases, the 
strength of the magnetic field needed to introduce an error increases. A cargo of 
large amounts of iron or steel may be sufficient to affect the compass. The compass 
may also be affected by changes of the magnetic characteristics of the vessel itself. 
Such changes may occur during a protracted docking period, during a long sea 
voyage on substantially the same course, when repairs or changes of equipment are 
made, if the ship sustains heavy shock as by gunfire or riding out a heavy sea, if 
the vessel is struck by lightning, or if a short circuit occurs near the compass. 

The directive force acting upon a magnetic compass is the horizontal compo- 
nent of the earth’s magnetic field. This component is strongest at or near the 
magnetic equator, decreasing to zero at the magnetic poles (ch. VII). Near the 
magnetic poles, therefore, the magnetic compass is useless (art. 2513), and in a 
wider area its indications are of questionable reliability. The magnetic field of the 
earth has a number of local anomalies due to the presence of magnetic material 
within the earth. During magnetic storms (art. 2513) it may be altered considerably. 
Changes in the magnetic field surrounding a vessel, due either to changes of the 
field itself or to change of position of the vessel within the field, affect the magne- 
tism of the vessel and the correctors used to neutralize this effect, with a possible 
disturbance of the balance set up between them. 

For these and other reasons, frequent determination of compass error is neces- 
sary for safe navigation. Methods of determining and correcting compass error are 
discussed in chapter VII. 

629. Magnetic compass accessories.—Compass heading is indicated by the lub- 
ber’s line. Compass bearings may be measured by sighting across the compass, 
bringing the object and the vertical axis of the compass in line. Accuracy in making 
this alignment is increased by the use of a device to direct the line of sight across 
the center of the compass. Perhaps the simplest device of this kind is a bearing bar, 
consisting of two vertical sighting vanes mounted at opposite ends of a horizontal 
bar having a small pivot which fits into a hole drilled part way through the glass 
cover of the compass, at its center. The “near” vane (nearer the eye of the observer) 
has a very thin, open, vertical slot through which the line of sight is directed; the 
“far” vane has a thin, vertical wire or thread mounted on a suitable frame. The bar 
is rotated until the object is in line with the two vanes. The bearing is the reading 
of the compass in line with the vanes, on the far side from the observer. If a 
reflecting surface is pivoted to the far vane to permit observation of the azimuth 
(art. 1430) of a celestial body, the device is called an azimuth instrument. Bearing 
bars and azimuth instruments are usually used only with smaller compasses, and 
never with an after-reading compass. 

Larger compasses or repeaters (art. 643) are usually provided with a bearing 
circle or azimuth circle (fig. 629). These devices take a variety of forms, but consist 
essentially of two parts: (1) a pair of sighting vanes attached to a ring which fits 
snugly over the compass, and (2) a mirror to reflect the compass graduation into the 
line of sight. The use of these devices is similar to that of the bearing bar and 
azimuth instrument. The azimuth circle has a pivoted reflecting surface attached to 
the far vane, to permit observation of celestial bodies. In most cases it also has a 
reflecting mirror and prism mounted on opposite sides of the ring, midway between 
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the vanes. The prism is covered with opaque material except for a thin, vertical slot 
at its center. The surface of the mirror is curved so that reflection of sunlight 
falling upon it is in the form of a slender vertical line (at the distance of the prism) 
of about the same width as the slot. When the azimuth circle is adjusted so that 
this line of light falls upon the slot, a thin, bright line appears on the compass card 
graduations at the bearing of the sun. Most bearing and azimuth circles are provid- 
ed with reverse compass rose graduations to permit reading of relative bearings or 
azimuths (by the vanes) at a mark on top of the compass bowl, in line with the 
lubber’s line; bubbles for indicating the level position during observation; means for 
adjusting the snugness of the fit over the compass bow]; and handles for turning the 
device. 

If a bearing or azimuth circle does not fit snugly over the compass bowl, an 
error might be introduced. Inaccuracy may also result from tilting of the reflecting 
surface of an azimuth circle with respect to the vertical plane through the line of 
sight. This can be checked by comparing an azimuth of the sun observed by means 
of the prism with one observed with the sighting vanes (with suitable protection 
being provided for the eyes). If the prism attachment is not available, a check can 
be made by comparing observed (compass) azimuths at different altitudes with 
computed (true) values at the time of observation. If both observed and computed 
azimuths are correct, the difference between them will be constant (if the compass 
error remains constant throughout the observation). 


Ficure 629.—An azimuth circle. 
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None of the bearing or azimuth instruments described above can be used with a 
compass not designed for it, as one having a hemispherical top, or an after-reading 
compass. 

Some modern magnetic compasses are provided with electrical pick-offs of 
sufficient sensitivity that the instrument can be used to control such devices as 
remote indicators, automatic steering equipment, course recorders, and dead reck- 
oning equipment without disturbing the reliability of the compass. However, these 
devices are more commonly controlled by a gyrocompass and hence are considered 
later in the chapter, after a discussion of this type compass. 

630. The gyroscope.—Leon Foucault, a French physicist, first demonstrated the 
rotation of the earth by means of a pendulum. However, the pendulum was not 
entirely acceptable as proof of rotation because it required the earth’s gravity for 
operation. In 1852, he gave the name gyroscope to a toy top which had been known 
for a quarter of a century as a “rotascope.” By means of the gyroscope, Foucault 
illustrated the earth’s rotation without the use of gravity. 

A conventional gyroscope consists of a comparatively. massive, wheel-like rotor 
balanced in gimbals which permit rotation in any direction about three mutually 
perpendicular axes through the center of gravity. The three axes are called the spin 
axis, the horizontal axis, and the vertical axis, as shown in figure 630a. 

Since the rapidly spinning rotor is balanced at its center of gravity, it is in a 
state of neutral rotational equilibrium. If the gimbal bearings were completely 
frictionless, the spin axis would retain its direction in space despite any motion 
applied to the system as a whole, as by the rotation of the earth. This property is 
called gyroscopic inertia. Thus, if the spin axis were directed toward a star, the 
axis would continue to point toward the star during its apparent motion across the 
sky. To an observer on the earth, the spin axis would appear to change direction as 
the earth rotated eastward. This phenomenon, also known as rigidity in space, can 
be demonstrated by slowly tilting the base of the gyroscope as shown in figure 630b. 
If the gyroscope rotor is stationary, bearing friction will cause the rotor to tilt as 
the base is tilted. If the rotor is spinning, the rotor maintains the original plane of 
rotation as the gyroscope is tilted. It will continue to maintain the original plane of 
rotation no matter how much the gyroscope is tilted, as long as it continues to spin 
with sufficient velocity. Although bearing friction still affects the gyroscope, it 
affects it to a lesser degree than when the rotor was stationary. 

Gyroscopic inertia depends upon angular velocity, mass, and the radius at 
which the mass is concentrated. For a given mass, maximum effect is obtained, 
therefore, from a mass rotating at high speed with the principal part of the mass 
concentrated near the periphery of the wheel. 

Gyroscopic precession is that property of a gyroscope exhibited when a force is 
applied which tends to change the direction in space of the spin axis. The motion 
resulting from such a force is not in line with the force, as might be expected, but 
perpendicular to it. Precession can be demonstrated by applying a torque to the 
spinning gyroscope about its horizontal axis. This is done by applying a force at 
point A as illustrated in figure 630c. The gyroscope instead of turning about the 
horizontal axis as it would if it were not spinning, turns or precesses about its 
vertical axis. The direction of precession is such that it appears as though a force 
applied to the rotor at A is, instead, applied at a point 90° away in the direction of 
spin from point A. Similarly, if a torque is applied about the vertical axis, the 
gyroscope will precess about its horizontal axis in a direction such that it appears 
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FiGurE 630a.—Gyroscope. FicurE 630b.—Demonstration of 
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Ficure 630c.—Axes of a gyroscope, and the 
direction of precession. 


A torque is defined as that which effects or tends to effect rotation or torsion 
and which is measured by the product of the applied force and the perpendicular 
distance from the line of action of the force to the axis of rotation. It is obvious that 
a force acting through or parallel to an axis cannot produce any turning effect 
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about that axis. In a gyroscope the three axes about which rotation is possible all 
intersect at the center of gravity of the entire system (excluding the supporting 
frame). A force, therefore, acting through the center of gravity acts through all the 
axes and cannot exert torque about any axis. But a force acting at any other point 
will produce a torque about one or more axes. 

Precession can be caused only by a force attempting to tilt or turn the spin axis 
about one of the other axes. So, a force through the center of gravity of a gyroscope 
(or force of translation) cannot cause the gyroscope to precess, but can only cause it 
to move as a whole in the direction of the force, with its axle always pointing in the 
same direction and the plane in which the rotor is spinning always parallel to its 
original plane of spin. 

A torque about the spin axis of a gyroscope does not attempt to change the 
plane in which the rotor is spinning, so it cannot cause precession. The only effect 
such a torque can have on the rotor is to increase or decrease its speed. 

Any torque about either the horizontal or vertical axis of a gyroscope will cause 
it to precess about an axis at right angles to that about which the torque acts. This 
precession will continue as long as the torque acts, but will cease when the torque 
is removed. If the plane in which the torque is acting remains unchanged, the 
gyroscope will precess until the plane of the spin of the rotor is in the plane of the 
torque. When this position is reached, the torque will be about the spin axis and 
can cause no further precession. If, however, the plane in which the torque acts 
moves at the same rate and in the same direction as the precession it causes, the 
precession will be continuous. 

The rotor of the conventional gyroscope previously described has three degrees 
of freedom: (1) freedom to spin on its axle, (2) freedom to tilt about its horizontal 
axis, and (3) freedom to turn about its vertical axis. These three degrees of freedom 
permit the rotor to assume any position with respect to the supporting frame. This 
gyroscope is called a free gyroscope. 

The term degree-of-freedom refers to the number of orthogonal axes about 
which the spin axis is free to rotate, the spin axis not being counted in one 
convention. 

The reason for gyroscopic precession may be explained simply by considering 
what happens to a single particle on the rim of the gyroscope wheel as shown in 
figure 630d. Assume that the wheel is spinning in the direction of arrow R. Also 
assume that a force F is applied against the wheel at point B on the particular 
particle P, which happens to be at the position shown at any particular instant. 

Force F exerts a force upon this small particle along the vector BL and 
therefore accelerates it in that direction. During a short interval of time, the 
acceleration will give the particle a component of velocity BL. This velocity vector 
and the velocity of the particle along the vector BJ, due to rotation of the wheel, 
have as a resultant the vector BK, different in direction from BJ. This is equivalent 
to a rotation about axis, YY. Therefore, the effect of a torque acting about the XX 
axis is to cause a rotation of the gyroscope wheel about the YY axis. This rotation 
about the YY axis is gyroscopic precession. 

If the gyroscope, or gyro as it is commonly called, is mounted at the equator 
with its spin axis pointing east and west, figure 630e illustrates how it would 
appear from a point in space beyond the South Pole. From the observation point in 
space, the earth is seen turning from west to east at a rate of 15° per hour carrying 
the gyro with it. However, the spin axis of the gyro, because of gyroscopic inertia, - 
remains in rigid space just as it did when the base was tilted in figure 630b. To an 
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observer on earth the same gyro appears to rotate about its horizontal axis with an 

angular velocity equal but opposite in direction to the rate of rotation of the earth. 

This effect, commonly referred to as horizontal earth rate, is equal to the rate of 

rotation of the earth (earth rate) times the cosine function of the latitude. It is 
therefore zero at the poles and increases to earth rate at the equator. 


Yi, 


y' 


Figure 630d.—Forces causing precession of FiGcurE 630e.—Demonstration of horizontal 
gyroscope rotor. earth rate of gyro. 


Similarly, if the gyro is mounted at the North or South Pole with its spin axis 
horizontal, as shown in figure 630f, the gyro will appear to rotate about its vertical 
axis. This effect is commonly referred to as vertical earth rate. At points between 
the poles and the equator, the gyro appears to turn partly about the horizontal axis 
and partly about the vertical axis as shown in figure 630g, because it is affected by 
both horizontal and vertical earth rates. 

In general, horizontal earth rate causes the spin axis of the gyro to appear to 
tilt about its horizontal axis; vertical earth rate causes the gyro to appear to rotate 
about its vertical axis. The apparent motion of stars (art. 1416) can be used as a 
convenient reminder of the effect of the earth’s rotation on a free gyro. Being rigid 
in space, the spin axis remains pointing at the same fixed star as the earth rotates. 
Thus, the spin axis describes a circle about Polaris in a counterclockwise direction 
as the earth rotates. 

With reference te space the direction of the spin axis of the free gyro remains 
the same as the earth rotates. With respect to the earth, however, the spin axis 
rotates as just described. It is this rotation with respect to the earth which makes it 
possible to apply the force of gravity so as to convert the free gyro into a north- 


seeking gyrocompass. 
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Figure 630f.—Demonstration of vertical earth Figure 630g.—Combined effects of horizontal 
rate of gyro. and vertical earth rates. 


631. The gyrocompass depends upon four natural phenomena for its operation. 
It is only the methods whereby these phenomena are utilized that distinguish one 
type of gyrocompass from another. Of the four natural phenomena, two are inher- 
ent properties of the gyroscope, namely gyroscopic inertia and gyroscopic preces- 
sion; the other two are the earth’s rotation and gravity. 

Before a free gyro can be converted into a gyrocompass, the mounting structure 
must be changed slightly. As shown in figure 631a, the rotor is mounted in a sphere 
(gyrosphere) and the sphere is supported in what is called the vertical ring. The 
sphere and vertical ring are, in turn, mounted in a base called the phantom. Means 
are provided for the vertical ring and phantom to follow the gyro as it turns about 
its vertical axis. 

With no further additions, the gyro shown in figure 63la will, neglecting 
friction, maintain its direction in space so long as no outside forces are exerted on 
it. To make the gyro into a gyrocompass, the gyro has to be made to seek and 
maintain true north. Since north is the direction represented by a horizontal line in 
the plane of the meridian, some means have to be provided to: (1) make the gyro 
spin axis seek the meridian plane, (2) make the spin axis horizontal, and (3) make it 
maintain its position once reached. 

The first step in making a gyro a gyrocompass is to make the gyro seek the 
meridian. To do this, a weight W is added to the bottom of the vertical ring, as 
shown in figure 63lb. This causes the vertical ring to be pendulous about the 
horizontal axis. 

If as at A of figure 631c the gyro is at the equator, the spin axis is horizontal 
pointing east-west, and the rotor is spinning clockwise as viewed from the west, the 
rotor and vertical ring are vertical and no torque is created by the added weight. At 
this point both properties of the gyroscope, gyroscopic inertia and precession, are 
brought into play. As the earth rotates, the spin axis and, therefore, the vertical 
ring become inclined to the horizontal as shown at B. The weight W is raised - 
against the pull of gravity and consequently causes a torque about the horizontal 
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FIGURE 63la.—Modified model gyroscope. Figure 631b.—Making the free gyro seek north 


by the addition of a weight to the vertical ring. 


axis of the gyro. This torque causes precession about the vertical axis in the 


direction indicated at C. The spin axis then has moved out of its original east-west 
direction. 
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FicureE 631c.—Effect of pendulous weight and earth’s rotation on gyro. 


As the end of the spin axis which was first pointing east (which will now be 
referred to as the north end) continues to rise, the torque on the gyro caused by the 
weight becomes greater since the moment arm through which the weight acts gets 
longer due to the greater tilt. Since the speed of precession is closely proportional to 
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the tilt, the gyro turns about its vertical axis as shown at D at an increasing speed 
until the axis is on the meridian. 

At the meridian, the tilt, the torque caused by the weight, and speed of 
precession are all at a maximum. It should be noted here that it is the righting 
couple applied to the tilted axis by the pendulous weight which causes the compass 
to precess past the meridian, the kinetic energy of precession having negligible 
effect. After the north end of the spin axis crosses the meridian the higher (north) 
end of the tilted axle is to the west of the meridian. As a result, referring back to 
figure 630e, the earth’s rotation reduces the tilt. As the tilt becomes less, the speed 
of precession in azimuth decreases. Finally the spin axis becomes horizontal and 
precession to the west stops; the weight on the vertical ring causes no torque about 
the horizontal axis since its force acts in the same plane as the gyro rotor and 
vertical ring. At this point, the axle has precessed as far west of the meridian as it 
was to the east originally. 

As the earth continues to rotate, the north end of the spin axis starts to dip. 
The weight W is raised on the opposite side of the horizontal axis in the opposite 
direction carrying the spin axis back across the meridian to its original position. At 
this point, the cycle is repeated and will go on indefinitely. The oscillation about 
the meridian may be clearly understood by referring to F in figure 63lc which 
shows the movement of the end of the spin axis projected on a vertical plane. The 
ellipse is the result of a displacement of the spin axis only a few degrees from the 
meridian. If the spin axis were pointing east-west at the beginning of the cycle as 
shown at A in figure 631c, precession would take place through 180 degrees in each 
direction, and at one extreme the axle would point east, at the other, west. In any 
case, the gyro never comes to rest since there is no force tending to restore the spin 
axis to the horizontal position until it has passed the meridian. 

The ratio of the movement about the horizontal axis (caused by apparent 
rotation) to the precessional movement about the vertical axis caused by the swing 
of the weight determines the shape of the ellipse. If the weight is increased, the 
speed of precession will increase and the ellipse will be flatter. If the weight is 
decreased, the speed of precession will decrease and the ellipse would, theoretically, 
be almost circular. The time, in minutes, required for one complete oscillation, is 
called the period of oscillation. For any given wheel and speed at a certain point on 
the earth, the period will be nearly the same regardless of the angle through which 
the wheel oscillates. The period can be changed by changing the amount of weight 
on the bottom of the vertical ring. 

With such a gyroscope modified by hanging a weight on the vertical ring, the 
first requirement to make a gyroscope into a gyrocompass, that of making the spin 
axis seek the meridian, has been fulfilled. However, some means must be provided 
for damping these oscillations so the gyro wheel will quickly come to rest with its 
spin axis level in the north-south position. 

To damp the oscillations of the spin axis about the meridian a small weight W, 
is added to the sphere in which the rotor is housed. This weight is placed on the 
east side of the sphere in a position shown in figure 631d. With the Spin axis level, 
the torque produced by gravity acting upon the weight W, is restrained by the 
vertical axis bearings. When the spin axis tilts due to earth rate, the vertical axis is 
no longer vertical; the force of gravity, however, still pulls straight down on the 
weight. This allows the torque to act about the vertical axis. 

Now, with both weights, the spin axis will begin to tilt due to earth rate and as - 
soon as it tilts, the spin axis precesses toward the meridian and downward toward 
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FicurE 631d.—Modified model gyroscope with 
weights on the vertical ring and sphere. 


the level position. As a result of the leveling action of weight W,, the spin axis is 
not tilted up as much when it reaches the meridian as it was with only weight W. 
Since the spin axis is not tilted as much, the torque produced by weight W is not as 
great. Therefore, the spin axis will not precess as far to the west of the meridian as 
it was east of the meridian when it was started. 

After reaching a point where the spin axis is level and as far west of the 
meridian as it is going due to the action of weight W, earth rate is still causing the 
spin axis to tilt downward. As a result, the forces due to the weights are reversed 
and torques are created which precess the gyro to the east and up. The same action 
takes place in the reverse direction. The gyro is not precessed as far to the east as it 
was to the west. Thus, the added weight W, causes the ellipse to be reduced each 
successive oscillation; the north end of the gyro axle will follow a spiral path as 
shown in figure 631e instead of an elliptical path as previously. 


Ficure 631le.—Settling on the meridian. 
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A careful consideration of the action of the two weights will make it apparent 
that the only position of rest that the gyro can find will be with the spin axis 
horizontal and on the meridian. The period of the compass can be changed by 
varying the weight W. With a given period the speed with which it settles to a level 
position can be changed by varying the weight W,. 

With the second modification to the model gyroscope (adding a weight to the 
sphere in which the gyro is housed), the second requirement to make a gyroscope 
into a gyrocompass, that of making the spin axis horizontal, has been fulfilled. 
However, when this modified gyroscope is moved, accelerations on the weights, 
because they are pendulous, will cause torques on the gyroscope. Also any change 
in latitude from the equator will result in false indications. The model gyroscope, as 
so far modified, does not fulfill the third requirement, that of maintaining the level 
position in the plane of the meridian once reached. Therefore, some means must be 
provided to eliminate the effect of unbalanced weights hanging on the modified 
gyroscope; means must be provided to compensate for false indications resulting 
from change in latitude from the equator. 

Practical gyrocompasses employ both pendulous sed nonpendulous gyroscopes. 
In addition these compasses have means of compensating for influences that might 
introduce errors into their indications. 

One method of utilizing precession to cause the gyroscope of a practical gyro- 
compass to seek north is illustrated in figure 631f. Two reservoirs connected by a 
tube are attached to the bottom of the case enclosing the gyro rotor, with one 
reservoir north of the rotor and the other south of it. The reservoirs are filled with 
mercury to such a level that the weight below the spin axis is equal to the weight 
above it, so that the gyroscope is nonpendulous. The system of reservoirs and 
connecting tubes is called a:mercury ballistic. In practice, there are usually four 
symmétrically placed reservoirs. 

SOUTH 


RESERVOIR _NORTH 
we: RESERVOIR 


ee 


Figure 631f.—The mercury ballistic (left) and the elliptical path (right) of the axis of spin without 

| damping. 

ee that the spin axis is horizontal but is directed to the eastward of north. 
As the earth rotates eastward on its axis, the spin axis tends to maintain its 
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direction in space; that is, it appears to follow a point, such as a star rising in the 
northeastern sky. With respect to the earth, the north reservoir rises and some of 
the mercury flows under the force of gravity into the south reservoir. The south 
side becomes heavier than the north side, and a force is applied to the bottom of the 
rotor case at point A. If the gyro rotor is spinning in the direction shown, the north 
end of the spin axis precesses slowly to the westward, following an elliptical path. 
When it reaches the meridian, upward tilt reaches a maximum. Precession contin- 
ues, so that the axis is carried past the meridian and commences to sink as the 
earth continues to rotate. When the sinking has.continued to the point where the 
axis is horizontal again, the excess mercury has returned to the north reservoir and 
precession stops. As sinking continues, due to continued rotation of the earth, an 
excess of mercury accumulates in the north reservoir, thus reversing the direction 
of precession and causing the spin axis to return slowly to its original position with 
respect to the earth, following the path shown at the right of figure 631f. One 
circuit of the ellipse requires about 84 minutes. 

The elliptical path is symmetrical with respect to the meridian, and, neglecting 
friction, would be retraced indefinitely, unless some method of damping the oscilla- 
tion were found. One method is by offsetting the point of application of the force 
from the mercury ballistic. Thus, if the force is applied not in the vertical plane, 
but at a point to the eastward of it, as at B in figure 631f, the resulting precession 
causes the spin axis to trace a spiral path as shown in figure 631g, and eventually 
to settle near the meridian. The gyroscope is now north-seeking. The gyrocompass 
shown in figure 631h uses this method to seek north. 


Ficure 631g.—Spiral path of the axis of spin with damping. 


Another method of damping the oscillations caused by the rotation of the earth 
is to reduce the precessing force of a pendulous gyro as the spin axis approaches the 
meridian. One way of accomplishing this is to cause oil to flow from one damping 
tank to another in such a manner as to counteract some of the tendency of an offset 
pendulous weight to cause precession. Oscillations are completely damped out in 
approximately one and one-half swings. . . 

632. Gyrocompass errors.—Gyrocompasses are subject to several systematic 
errors. Some of these can be eliminated or offset in the design of the compass, while 
others require manual adjustment for their correction. 
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Courtesy of Sperry Marine Systems. 
FiGuRE 631h.—The Mark 14 Mod 2 Gyrocompass. 


The total combined error (the resultant error) at any time is called gyro error 
(GE), which is expressed in degrees east or west to indicate the direction in which 
the axis of the compass is offset from true north. If the gyro error is east, the 
readings are too low; and if it is west, they are too high. Thus, if GE is 1° W, 1° is 
subtracted from all readings of the compass, either headings or bearings, to deter- 
mine the equivalent true directions. One degree is added to all true directions to 
determine the equivalent gyro directions. The gyro error of modern compasses is 
generally small. However, significant errors can be introduced in several ways, and 
it is good practice to compare the gyro heading with the magnetic heading at 
frequent intervals (as every half hour and after each change of course) and to check 
the accuracy of the gyrocompass by celestial observation or landmarks from time to 
time (as every morning and afternoon when means are available). 

The errors generally associated with the gyrocompass are speed error, tangent 
latitude error, ballistic deflection error, ballistic damping error, quadrantal error, 
and gimballing error. In addition, gyrocompasses are subject to the errors common 
to directional instruments, such as those introduced by inaccurate graduation of the 
compass rose or incorrectly located lubber’s line. Error may also be introduced, of 
course, by malfunctioning of the compass. 
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633. Speed error.—The north-seeking tendency of a gyrocompass depends upon 
the fact that north is at right angles to the west-to-east direction in which the 
earth’s rotation carries the compass. If the gyrocompass is carried over the earth in 
some direction other than west to east, it will seek a settling position at right 
angles to that direction, whatever it may be. 

A gyrocompass on the earth’s surface is carried from west to east only when it 
is stationary with respect to the earth’s surface, or when it is moving east or west. 
If the vessel in which the compass is installed is moving in other than an east or 
west direction the compass is, in effect, being carried in a direction which is a little 
to the north or south of exactly east. It will then seek a settling position which is at 
right angles to this direction, and will settle on a line at a small angle off true 
north. 

This error, known as speed error and sometimes called speed-course-latitude 
error, is westerly if any component of the vessel’s course is north, and easterly if 
south. Its magnitude depends upon the speed, course, and latitude of the vessel. 
Refer to figure 633a. If a vessel is at anchor at any point A, it is being carried 
eastward by rotation of the earth at the rate of 902.46 minutes of longitude per 
hour (with respect to the stars). In terms of knots, this is equal to 902.46 times the 
cosine of the latitude, approximately. Because of the ellipticity of the earth, the 
actual value is a little more than this in low latitudes, and a little less in high 
latitudes. The actual value at any latitude can be found by multiplying the length 
of a degree of longitude at that latitude (from table 6) by 


902.46 
= 15.041 
60 


This eastward motion due to rotation of the earth is shown in figure 633a by 
the vector AB. The north-south axis of the gyrocompass settles in a direction 90° 
from the direction of motion. Therefore, if the vessel is stationary with respect to 
the earth, 0° on the compass card coincides with a true meridian, and no error is 
introduced. This is alsc true if the vessel is moving due east or due west. In this 
case the speed of the ship over the surface of the earth is added to or subtracted 
from the motion due to rotation of the earth, but the direction of motion is 
unchanged (unless the speed of the vessel is greater than the rotational speed of the 
earth, and in the opposite direction). The only effect, therefore, is to strengthen or 
weaken the directive force, usually by a small amount. 

If the vessel is on course north or south, as shown by the vector AC in figure 
633a, the motion in space is tilted toward the north or south of due east. In this 
case, it is the vector sum (art. 118, vol. II) of the motion due to rotation of the earth 
and the velocity of the vessel over the surface of the earth, or AD in figure 633a. 
Since AD is not due east, the perpendicular to it does not lie in the true meridian, 
but at some angle 6 to it, along AM. Since the axis of the gyro lies along AM, the 
“virtual meridian,” the angle is the error introduced by the motion of the vessel 
along its track. Since AD is perpendicular to AM,, and AB is perpendicular to AC, 
angle BAD is equal to angle 6. Therefore, the angle 5 can be found by the formula 


AC 
tane0=-see 
AB 
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FIGURE 633b.—Components of vessel’s 
motion. 


Figure 633a.—Speed error. 


Since AC is the speed of the vessel and AB is 902.46 cos L, approximately, the 
formula can be written 


S 


(ant6 Sane 
902.46 cos L 


where S is the speed and L the latitude of the vessel. 

If the course of the vessel is not a cardinal direction, the resultant is still the 
vector sum of two speed vectors, and can be found graphically or by computation. 
One method is to resolve the vessel’s speed vector into two components, as shown in 
figure 633b, obtaining the N-S component along the true meridian, and the E-W 
component in the direction of rotation of the earth. The N-S component is equal to 
S cos C, and the E-W component to S sin C, where C is the true course angle. The 
total N-S motion is then S cos C. The total easterly motion is that due to rotation of 
the earth plus or minus the E-W component of the ship’s speed across the surface 
of the earth, or 902.46 cos L+S sin C, approximately. The term S sin C is positive 
(+) for easterly courses and negative (—) for westerly courses. The formula for 
finding § now becomes 


S cos C 
tan 6= (approximately). 
902.46 cos L+S sin C 


At ship speeds in latitudes less than 70°, the term S sin C is much smaller than 
902.46 cos L and has so little effect upon the answer that it can be ignored. The 
angle 6 is small enough that its tangent can be considered the angle itself (ex- 
pressed in radians). That is, a tangent to a circle can be considered of the same 
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length as an arc of the circle over a short distance from the point of tangency. 
Therefore, the formula for 6 can be written 


. 57.8 S cos C 
~ 902.46 cos L 


or 
5=0.0635 S cos C sec L. 


As shown in this formula, the speed error 6 is affected by the three variables, 
speed, course, and latitude. If the course has a northerly component, the error is 
westerly; and if it has a southerly component, the error is easterly. 

Example.—A ship at latitude 30°N is steaming on true course 045°, at a speed 
of 20 knots. 


Required.—Speed error. 


Solution.— 
0.0685 log 8.80277 
S 20 kn. log 1.80103 
C N45°E lcos 9.84949 
L 30°N lsec 10.06247 
& 1°04W log 10.01576 


Answer.—& 1°04W. 


In some gyrocompasses this error is corrected mechanically. Speed and latitude 
are set in by hand, and the cosine of the course is introduced automatically by 
means of a “cosine cam” running in an eccentric groove on the underside of the 
azimuth gear. In some compasses these corrections combine to offset the lubber’s 
line by the correct amount. Small changes in speed or latitude have relatively little 
effect upon the result. Therefore, in normal operations, infrequent changes are 
sufficient for satisfactory results. If no provision is made for mechanically applying 
this correction, a table or curves can be used to indicate the correction to be applied 
mathematically to readings of the compass. These are made up from the formula 
given above, and are entered with the speed, course, and latitude (art. 639). 

634. Tangent latitude error applies only to those gyrocompasses in which 
damping is accomplished by offsetting the point of application of the force from a 
mercury ballistic (art. 631). It can be found from the equation 


a=r tan L 


in which a is the damping error, r is the angle between the vertical through the 

spin axis of the gyro rotor and a line through this axis and the point of application 

of the force from the mercury ballistic (1°7 for Sperry compasses), and L is the 

latitude. The error is easterly in north latitude and westerly in south latitude. 
Example.—A gyrocompass having a value of r of 1°7 is at latitude 50°N. 
Required.—The tangent latitude error. 


Solution.— 
a=r tan L 


=1°7X1.1918 
=2°03E 


Answer.—a=2: 03E. 


As in the case of speed error, provision is made in most compasses (to which it 
applies) for correcting this error. An auxiliary latitude-correction scale is provided 
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for this purpose. In some compasses this offsets the lubber’s line. In others, it alters 
the position of a small weight attached to the casing near one end of the axle. The 
first method is preferable because it is unaffected by changes of gyro speed of 
rotation. \ 

If this error is not corrected mechanically, it can be combined algebraically 
with speed error and a single set of tables or graphs made up. This is a method 
sometimes used in polar regions, beyond the scale of the latitude corrections (arts. 
639, 2514). 

635. Ballistic deflection error.—When the north-south component of the speed 
changes, an accelerating force acts upon the compass, causing a surge of mercury 
from one part of the system to another, or a deflection (along the meridian) of the 
mass of a pendulous compass. In either case, this is called ballistic deflection. It 
results in a precessing force which introduces a temporary ballistic deflection error 
in the readings of the compass unless it is corrected. 

A change of course or speed also results in a change in the speed error, and 
unless the correcting mechanism responds promptly to this change, a temporary 
error from this source is also introduced. The sign of this error is opposite that of 
the ballistic deflection, and so the two tend to cancel each other. If they are of equal 
magnitude and equal duration, the cancellation is complete and the compass re- 
sponds immediately and automatically to changes of speed error. This can be 
accomplished by designing the compass so that 


B 
—} =0.0211 sec L. 
H 


in which B is the pendulous moment of a pendulous compass and the couple per 
unit angle applied by a mercury ballistic, H is the angular momentum of the gyro 
rotor, and L is the latitude. 

Gyrocompasses using the fluid ballistic are often designed so that the ratio 


B 


H 


is correct for some particular latitude (as 41° or 45°) and accept the small residual 
error that is temporarily present at other latitudes. This is satisfactory for vessels 
which remain within relatively narrow limits of latitude, or which are seldom 
subjected to large accelerating forces. However, where these conditions are not met, 
provision is made for varying the ratio with latitude. In a compass having a 
mercury ballistic, this is customarily accomplished by moving the mercury reser- 
voirs radially toward or away from the center of the compass, thus altering the 
value of B. In a pendulous gyro, the value of H is changed by altering the rotational 
speed of the gyro. 
When the ratio 
B 


H 


is as given in the equation above, the period of oscillation about the vertical axis is 
given by the equation 
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7 R 
(SS 
30 g 


in which T is the period in minutes, R is the radius of the earth in feet (approxi- 
mately 20,900,000) and g is the acceleration due to gravity (approximately 32.2 feet 
per second per second). Substituting in the formula, 


20,900,000 
AL = 01041 | Geer 
32.2 


=84 minutes (approximately). 


This is sometimes stated as the period of a pendulum having a radius equal to 
the radius of the earth, since the equation for a short pendulum is the same as that 
given above with J (length) being substituted for R. More accurately, it is the period 
of a pendulum of infinite length with its bottom at the surface of the earth, or the 
largest period that a simple pendulum can have when acting under the gravitation- 
al force of the earth. When a device is adjusted so as to have this period it is said to 
be “Schuler tuned,” after Max Schuler, a German scientist who discovered the 
relationship. It is because of this tuning of the gyrocompass that one oscillation 
occurs in about 84 minutes, and that the maximum effect of certain disturbing 
forces occurs about 21 minutes (one-fourth cycle) after application of the force. 

636. Ballistic damping error is a temporary oscillatory error of a gyrocompass 
introduced during changes of course or speed as a result of the means used to damp 
the oscillations of the spin axis. 

During a change of course or speed the fluid in the ballistic of the nonpendu- 
lous compass or in the damping tanks of the pendulous compass (art. 631) is 
accelerated. As shown in figure 636, during the turn from the westerly to the 
northerly direction the centrifugal force acting on the mercury causes an excess of 
mercury to accumulate in the south tanks of the ballistic at A. Because of the offset 
connection of the mercury ballistic, the excess mercury in the south tanks exerts a 
torque about the vertical axis in addition to the one being exerted about the 
horizontal axis during the turn. This torque about the vertical axis produces a 
downward tilt of the north end of the gyro axle at B as a result of precession. This 
tilt of the gyro axle causes an oscillation of the spin axis to start as the centrifugal 
force diminishes to zero at C. This oscillation on a compass with a damped period of 
about 84 minutes becomes a maximum at D, 21 minutes after the change of course 
is completed, and ends in about 2 hours. 

The liquid in the damping tanks of the pendulous compass is subjected to the 
same centrifugal force on change of course. An excess of liquid collects in one tank. 
This action causes a torque and consequent movement of the spin axis from the 
meridian. 

The ballistic damping error is eliminated in the nonpendulous compass by 
automatically moving the point of application of the mercury ballistic from the 
offset position to the true vertical axis of the gyro whenever rates of change of 
course or speed exceed certain limits. Moving the point of application of the mercu- 
ry ballistic to the true vertical axis eliminates the torque about this axis caused by 
the centrifugal force and prevents the compass from going through a damped 


oscillation. 
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FiGcurE 636.—Ballistic damping error. 


In the pendulous gyrocompass, the ballistic damping error is eliminated by 
automatically closing a valve in the pipe line between the damping tanks whenever 
rates of change of course or speed exceed certain limits. 

637. Quadrantal error.—If a body mounted in gimbals is not suitably balanced, 
a disturbing force causes it to swing from side to side. A Swinging body tends to 
rotate so that its long axis of weight is in the plane of the swing. The rolling of a 
vessel introduces the force needed to start a gyrocompass swinging. The effect 
reaches a maximum on intercardinal headings, midway between the two horizontal 
axes of the compass, and changes direction of error in consecutive quadrants. This 
is called quadrantal error, or sometimes intercardinal rolling error. It is corrected 
by the addition of weights to balance the compass so that the weight is the same in 
all directions from the center. Without a long axis of weight, there is no tendency to 
rotate during a swing. 

A second cause of quadrantal error is more difficult to eliminate. As a vessel 
rolls, the apparent vertical is displaced first to one side and then to the other, due 
to the accelerations involved. The vertical axis of the gyrocompass tends to align 
itself with the apparent vertical. If the vessel is on a northerly or southerly course, 
the pivot of the compass is displaced from the vertical, resulting in a precession 
first to one side, then to the other. The effect is negligible and would be exactly 
balanced if successive rolls on opposite sides were equal. On an easterly or westerly 
heading, the pivot remains under the gyro axle, but the dynamic effect of the roll, 
acting upon the damping mechanism, introduces a precessing force which causes an 
error. However, the period is short and the error is in opposite directions on 
opposite rolls, so the effect is negligible. On noncardinal headings, both effects are 
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present, and the relationship is such that the error is in the same direction 
regardless of the direction of roll. Thus, a persistent error is introduced, which 
changes direction in successive quadrants. This error is generally eliminated by the 
use of a second gyroscope. In some compasses, this is in the form of a small 
gyroscope called a floating ballistic which stabilizes the point of application of the 
mercury ballistic with respect to the true vertical as the vessel rolls. In others, two 
gyroscopes are used for the directive element and these are so installed that they 
tend to precess in opposite directions. Thus, they neutralize each other. Another 
way of eliminating this error is to design the mercury ballistic system so that the 
surge of liquid due to north-south component of the roll is diminished in amount 
and delayed so that it is about a quarter of a cycle out of phase with the roll. 

638. Gimballing error is that due to tilt of the compass rose. Directions are 
measured in the horizontal plane. If the compass card is tilted, the projection of its 
outer rim into the horizontal is an ellipse, and the graduations are not equally 
spaced with respect to a circle. For normal angles of tilt, this error is small and can 
be neglected. For accurate results, readings should be made when the card is 
horizontal. This error applies to the reading of the compass or its repeaters (art. 
643), rather than to the compass itself. If the compass and its repeaters are installed 
so that the outer gimbals are in the longitudinal axis of the vessel, this error is 
minimized. 

639. Use of the gyrocompass in polar regions is discussed in article 2514. If 
means are not available for determining an equivalent setting or correction, a 
correction graph can be constructed. Ballistic deflection error, quadrantal error, 
and gimballing error are temporary or corrected in the design of the compass, and 
so can be ignored. Speed error and tangent latitude error Gf it applies to the 
particular compass involved) can be combined into a single table or curve of 
corrections, using the formulas of articles 633 and 634. In high latitudes the east- 
west component of the vessel’s speed is significant, and the error may be too large 
to consider its tangent equal to the angle itself expressed in radians. Therefore, the 


applicable formulas are: 
S cos C 


902.46 cos L+S sin C 


(1) 


tanlo= 


a=r tan L. (2) 


The only approximation remaining is the use of 902.46, which varies slightly with 
latitude. The error thus introduced is not significant. The U.S. Navy gyrocompass 
error curves for latitude 80° are shown in figure 639. From the intersection of the 
appropriate speed curve and the radial line representing the true course (interpolat- 
ing if necessary) a horizontal line is drawn to the vertical line through the origin, 
where the correction is indicated. To construct the curve for speed 35 knots, proceed 
as follows: 
1. Compute the speed error, 8, for true courses at intervals of perhaps 30°. As 
an example, the error for course 210° (C S30°W) is: 
35 x 0.86603 


902.46 x 0.17365 — 35 x 0.50000 
=0.21773. 


tan 6= 


§=12°3E. 
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FiGuRE 639.—Gyrocompass error curves for latitude 80°. 


The error is easterly because the course has a southerly component (art. 633). 


2. Compute the tangent latitude error. The curves of figure 639 are for a value 


of r of 1°7: 
a=1°75.6713—9°6R. 


In northern latitudes tangent latitude error is easterly. 
3. Combine 6 and a algebraically to obtain gyro error (GE): 


AKC 6 a GE 
000 12.6W 9.6E 3.0W 
030 9.9W 9.6E 0.3W 
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TC 6 a GE 

120 5.3E 9.6E 14.9E 
150 9.9E 9.6E 19.5E 
180 12.6E 9.6E 22.2 
210 12.3E 9.6E 21.9E 
240 7T.9E 9.6E 17.5E 
270 0.0 9.6E 9.6E 
300 T.IW 9.6E 1.7E 
330 12.3W 9.6E 2.7TW 


4. To draw the curve, select a convenient origin and label this with the value of 
a. Draw a vertical line through the origin and mark off a convenient scale such 
that all values of 5 can be shown both above and below the origin. The zero on this 
scale is at point a units above the origin (below in the Southern Hemisphere). Label 
the scale according to GE. Through the origin draw various radial lines at any 
convenient interval to represent true courses. For each computed course draw a 
horizontal construction line from the GE on the central scale to the appropriate 
radial line. The intersection of each pair of lines is one point on the curve. Connect 
all such points with a smooth curve, and erase the construction lines. If a straight- 
edge or graph paper is used, the construction lines need not be drawn. 

It is good practice to draw the curve for the highest speed first, to be sure that 
succeeding curves will fit on the paper. From such curves the gyro courses corre- 
sponding to various true courses can be determined and the radial lines labeled 
with these values for converting gyro directions to true directions. 

The curves described in this article are for use when all correctors are set on 
zero, or if no provision is made for mechanically correcting for speed and damping 
errors. If the compass does not have a mercury ballistic, the tangent latitude error 
is omitted from the calculations and curves. 

640. Desirable characteristics of the gyrocompass.—Since a gyrocompass is not 
affected by a magnetic field, it is not subject to magnetic compass errors (ch. VID), 
nor is it useless near the earth’s magnetic poles. If an error is present, it is the 
same on all headings, and no table of corrections is needed. The directive force is 
sufficiently strong to permit directional pick-off for use in remote-indicating repeat- 
ers, automatic steering, dead reckoning and fire-control equipment, course record- 
ers, etc. 

641. Undesirable characteristics of the gyrocompass.—A gyrocompass is de- 
pendent upon a source of suitable electric power. 

If operation of the compass is interrupted long enough to permit uncertainty in 
its indications, a considerable period (as much as four hours for some gyrocompass- 
es) may be needed for it to settle on the meridian after it reaches operating speed. 
This period can be reduced by orienting the compass in the proper direction before 
it is started. If this is not practicable, the settling period can be hastened by 
leveling the compass when it reaches the meridian (one-fourth of a cycle or 21 
minutes after starting at maximum deflection) or by leveling and precessing the 
gyro to the approximate meridian after its direction and rate of precession are 
observed for several minutes. Either process may need to be repeated several times 
and followed by a settling period. ea 

The gyrocompass is subject to certain errors requiring applications of correc- 
tions, either manually or automatically (art. 632). 

The compass is an intricate mechanism of many parts. Thus, it requires some 
maintenance. In heavy seas a gyrocompass may become unreliable unless certain 
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features are included in the design—features which are generally omitted from the 
small, simpler compasses. 

The directive force of a gyrocompass decreases with latitude, being maximum 
at the equator and zero at the geographical poles. 

642. Gyrocompass models.—The Mark 19 Gyrocompass System (fig. 642a) con- 
sists of four components: the master compass, the control cabinet, the compass 
failure annunciator, and the solid state power supply. 
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FicuRE 642a.—Mark 19 Gyrocompass System. 
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The two main elements of the master compass (fig. 642b) are the compass 
element and the supporting element. The compass element includes the sensitive 
element (meridian and slave gyros), the phantom or follower element, and the 
gimbal. The supporting element includes the frame and binnacle which janet a 
shock-mount support for the compass element. 
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FiGurE 642b.—Mark 19 master compass. 


The control cabinet contains all controls and indicators necessary for the oper- 
ation of the equipment. 

The compass failure annunciator contains two indicator lights to indicate a 
malfunction of the compass system or failure of the vessel’s 400 Hertz power supply. 

The solid state power supply provides the power necessary for operation of the 
master compass, control cabinet, compass failure annunciator, and charging batter- 
ies used as emergency power. All other gyrocompass system components must be 
energized from ship power. In the event of loss of ship power, the solid state supply 
will continue to operate from the batteries until the ship’s line is restored or the 
batteries are discharged. 

Fluid suspension of the sensitive element provides high shock tolerance and 
greatly reduces the effect of accelerations. At running temperature, the specific 
gravity of the gyrosphere is the same as that of the oil in which it is immersed. 
Since the gyrosphere is in neutral buoyancy, it exerts no load on the vertical 
bearings which, therefore, serve only as guides for the sphere. 

The Mark 19 Gyrocompass has four modes of operation. The normal mode 
provides optimum performance up to latitude 75°. The fast settle mode provides 
accelerated settling of the compass upon starting. The high latitude mode provides 
optimum performance from latitude 75° to about latitude 86°. The directional gyro 
mode enables operation of the compass as a free gyro with the spin axis oriented to 
grid north (art. 2510). 

The Mark 19 Gyrocompass consists basically of two gyros (fig. 642c) placed with 
their spin axes mutually perpendicular in the horizontal plane. The spin axis of one 
gyro is directed along a north-south line, and the spin axis of the second is slaved to 
the first along an approximate east-west line. The north-seeking or meridian gyro 
and the slave gyro are mounted one above the other in a supporting ring. This ring 
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is made to follow the gyros in heading and tilt by azimuth, roll, and pitch servos. 
These servos also drive the synchro transmitters which serve to supply output data. 


VERTICAL 
RING 


CRADLE 


MERIDIAN 
GYRO 


AZIMUTH 
PHANTOM 


Ficure 642c.—Simplified diagram of the Mark 19 compass element. 


The meridian gyro is essentially a gyrocompass. It furnishes indications of 
heading as well as tilt about the east-west axis. The slave gyro is essentially a free 
gyro and furnishes only an indication of tilt about the north-south axis. Thus, the 
Mark 19 Gyrocompass provides heading, roll, and pitch data. 

In the meridian gyro of the Mark 19 Gyrocompass, the tilt is detected by a 
gravity reference attached to the vertical ring in such a way that it is parallel to 
the gyro axle. This device (electrolytic level) is a special level which transmits an 
electrical signal with magnitude and sense according to tilt. Since the gravity 
reference and axle are parallel and rigidly fixed with respect to one another, the 
signal emitted by the gravity reference is a measure of the gyro axle tilt about the 
east-west axis. In the more recent modifications of the gyrocompass, higher accura- 
cy is obtained through the use of linear accelerometers instead of electrolytic levels 
to sense the direction of gravity. 

The tilt signal, after amplification, is applied to the control fields of electrical 
torquers, as shown in figure 642d, which cause torques about the vertical and 
horizontal axes. The torquers located about the horizontal axis are known as the 
azimuth torquers. They apply a torque about the horizontal axis proportional to the 
amount of tilt of the spin axis and cause the gyro to precess in azimuth. The effect 
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of this torque is the same as making the gyro pendulous by attaching a heavy 
weight to the bottom of the vertical ring. When one end of the axis is tilted up, the 


resulting torque about the horizontal axis precesses the gyro in azimuth, i.e., about 
its vertical axis. 
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Ficure 642d.—Simplified diagram of electrical azimuth and leveling controls for meridian gyro. 


The leveling torquer, located about the vertical axis of the gyro, applies a 
torque about the vertical axis proportional to tilt and causes the gyro to precess 
about the horizontal axis to reduce the tilt to zero. The effect of this torque is the 
same as attaching a weight to the east side of the sphere (art. 631). When one end of 
the gyro axle is tilted up, the resulting torque about the vertical axis precesses the 
high end down. Thus, the effect of these two torques is to continually precess the 
axis to the meridian and make it level. 

The Technical Manual for the Mark 19 Gyrocompass should be referred to for 
an explanation of the means used to control the compass. 

The Mark 27 Gyrocompass (fig. 642e) consisting of two major components—the 
master compass unit and the compass electronics unit—is designed for both mili- 
tary and commercial, small to medium class vessels. The equipment is powered by 
an internal 400 Hz solid state supply (inverter) operating from a 24 volt DC battery 
source or from an external 115 volt 60 to 400 Hz converter (rectifier) unit. The 
master compass unit is an oil-filled sealed unit containing the sensitive element, 
fluid ballistic, and the supporting gimbals and servo drive. The compass electronics 
unit contains the compass controls, supporting solid state electronics, and a solid 
state power supply. A direct-reading heading indication dial on the master compass 
has red illumination for night viewing. The master compass can be provided with 
various types of electrical transducers for transmission of the heading data to 
remote repeaters. The internal static power supply has the capability to power 
either two step repeaters or two servo synchro repeaters. Additional repeaters can 
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be accommodated with externally supplied power. The master compass unit can be 
mounted on top of the compass electronics unit, or in a remote location. 


Figure 642e.—Mark 27 Gyrocompass System. 


Fluid suspension of the sensitive element provides high shock tolerance and 
greatly reduces the effect of accelerations. The sensitive element can be caged when 
not in use to prevent damage. The manually operated caging element is on top of 
the master compass. 

A fluid ballistic (art. 631) provides the gravitational torques to make the gyro 
seek north. This ballistic consists of two interconnected brass tanks, partially filled 
with a 20 centistoke silicone fluid. The small bore of the tubing connecting the tanks 
retards the free flow of fluid between the tanks. Because of the time it takes for the 
fluid to flow, the disturbing effects of ship maneuvers and roll and pitch motion are 
minimized. 

To compensate for the effect of changes in vertical earth rate due to change of 
latitude, a manual latitude dial and a North/South switch is incorporated on the 
control unit for producing an electrical torque on the gyrosphere. The switch and 
dial should be properly positioned by the operator. 

The Mark 227 Gyrocompass (fig. 642f) utilizes the basic Mark 27 design in a 
configuration designed primarily for large commercial and auxiliary naval vessels. 
The master compass, which is identical! to the Mark 27 master compass except for 
mounting facilities, is mounted in gimbals atop a deck-mounted console. All of the 
controls, except for the caging control, power supplies, and repeater switches (for up 
to 8 repeaters) are contained in the console. Standard units are equipped with a 
step transmitter and auxiliary equipment to power 8 step repeaters. Synchros, 
either 60 or 400 Hz, can be added to supply single or single and 36-speed data. Input 
power to this unit is 115 volt 60 to 400 Hz. Speed correction has been added and is 
set with a front panel knob. The additional gimbals enable transmission of azimuth 
data free of error due to deck tilt. 

643. Gyrocompass repeaters.—A gyrocompass is customarily located at a favor- 
able position below decks, and its indications transmitted electrically to various 
positions throughout the vessel. Each repeater consists of a compass rose on a 
suitable card so mounted that the direction of the ship’s head is indicated at a 
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Courtesy of Sperry Marine Systems. 


Ficure 642f.—Mark 227 Gyrocompass System. 


lubber’s line. Although the repeater may be mounted in any position, including 
vertically on a bulkhead, it is generally placed in gimbals in a bowl, similar to the 
mounting of a compass, which it resembles (fig. 643). This is true particularly of 
repeaters used for obtaining bearings. A gyro repeater used primarily to indicate 
the gyro heading is sometimes called a ship’s course indicator. 

Gyrocompass indications are also used in automatic steering devices, direction- 
stabilized radarscopes, wind indicators, fire control equipment, etc. 

A compass used to control other equipment, particularly repeaters, is some- 
times called a master compass. In the case of a gyrocompass, it is usually called a 
master gyrocompass. It is good practice to check all repeaters periodically with the 
master compass to insure continued synchronization. 

644. Gyro repeater accessories.—The bearing circle and azimuth circle (art. 
629) are also used with the gyro repeater for bearing and azimuth observations. A 
telescopic alidade (fig. 644) may also be provided for bearing observations from 
repeaters. The telescopic alidade is basically similar to the bearing circle, except 
that it is fitted with a telescope instead of sighting vanes. The telescope of the 
telescopic alidade shown in figure 644 is mounted on a ring that fits on the gyro 
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Courtesy of Ahrendt Instrument Co. 


Ficure 643.—A gyro repeater used as a ship’s course indicator (Mark 2 Mod 5). 


repeater. The erecting telescope is fitted with crosshair, level vial, polarizing light 
filter, and internal focusing. The optical system projects the image of approximately 
25° of the compass card together with a view of the level vial onto the optical axis 
of the telescope. By this means, both the observed object and its bearing can be 
viewed at the same time through the eyepiece. 

645. Pelorus.—Although it is desirable to have a compass, a compass repeater, 
or an alidade for obtaining bearings, satisfactory results can be obtained by means 
of an inexpensive device known as a pelorus (fig. 645). In appearance and use this 
device resembles a compass or compass repeater, with sighting vanes or a sighting 
telescope attached, but it has no directive properties. That is, it remains at any 
relative direction to which it is set. It is generally used by setting 000° at the 
lubber’s line. Relative bearings are then observed. They can be converted to bear- 
ings true, magnetic, grid, etc., by adding the appropriate heading. The direct use of 
relative bearings is sometimes of value. A pelorus is useful, for instance, in deter- 
mining the moment at which an aid to navigation is broad on the beam. It is also 
useful in measuring pairs of relative bearings for use with table 7 or for determin- 
ing distance off and distance abeam without a table. : 


INSTRUMENTS FOR PILOTING AND DEAD RECKONING 197 


Ficure 644.—Telescopic alidade. 


Ficure 645. A pelorus. 


If the true heading is set at the lubber’s line, true bearings are observed 
directly. Similarly, compass bearings can be observed if the compass heading is set 
at the lubber’s line, etc. However, the vessel must be on the heading to which the 
pelorus is set if accurate results are to be obtained, or else a correction must be 
applied to the observed results. Perhaps the easiest way of avoiding error is to have 
the steersman indicate when the vessel is on course. This is usually done by calling 
out “mark, mark, mark” as long as the vessel is within a specified fraction of a 
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degree of the desired heading. The observer, who is watching a distant object across 
the pelorus, selects an instant when the vessel is steady and is on course. An 
alternative method is to have the observer call out ‘“mark’’ when the relative 
bearing is steady, and the steersman note the heading. If the compass is swinging at 
the moment of observation, the observation should be rejected. The number of 
degrees between the desired and actual headings is added if the vessel is to the 
right of the course, and subtracted if to the left. Thus, if the course is 060° and the 
heading is 062° at the moment of observation, a correction of 2° is added to the 
bearing. 

Each observer should determine for himself the technique that produces the 
most reliable results. 

646. Course recorder.—A continuous graphical record of the headings of a 
vessel can be obtained by means of a course recorder (fig. 646). In its usual form, 
paper with both heading and time graduations is slowly wound from one drum to 
another, its speed being controlled by a spring-powered clockwork mechanism. A 
pen is in contact with the paper, tracing a line to indicate the heading at each 
moment. The pen is attached to an arm controlled by indications from a compass, 
usually the master gyrocompass. 


Courtesy of Sperry Marine Systems. 


FicureE 646.—A course recorder. 


647. Dead reckoning equipment.—The primary navigational functions of dead 
reckoning equipment (DRE) are to (1) provide continuous indications of the vessel’s 
present latitude and longitude, and (2) provide a graphical record of the vessel’s 
dead reckoning track. In addition, most types of dead reckoning equipment provide 
means for tracking one or more other craft, to obtain a graphical record of the | 
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a craft’s course and speed. This equipment is generally installed only on war- 
ships. 

Dead reckoning equipment consists in general of four components: (1) an ana- 
lyzer; (2) latitude and longitude indicator dials; (8) a desk-size unit called a dead 
reckoning tracer (DRT); and (4) a glass plotting surface over the dead reckoning 
tracer. 

The analyzer receives directional signals from the vessel’s gyrocompass, and 
distance signals from the underwater log. The course and distance data are trans- 
formed automatically to electrical signals proportional to the north-south and east- 
west components of the vessel’s movement. These distance signals are transmitted 
to the latitude and longitude indicators, changing their readings by the correct 
amount to indicate the new latitude and the new longitude in degrees and minutes. 
Since the number of miles in the north-south component of distance traveled is 
nearly equal to the change in latitude expressed in minutes, the latitude indicator 
is fed directly. Departure (art. 204) is automatically transformed to difference of 
longitude before being registered on the longitude indicator dials. If the indicator 
dials are correctly set to latitude and longitude, they continuously show subsequent 
dead reckoning positions of the vessel. 

The north-south and east-west component signals from the analyzer are also 
transmitted to the DRT (fig. 647), where they control the motion of a pencil which 
moves across a chart or plotting sheet attached to the DRT base. The pencil draws a 
line which conforms to the maneuvers of the vessel. The mechanism can be set to 
plot the track at any scale from ¥%4 mile per inch (“10 mile on some) to 16 miles per 
inch. A clock-controlled contact lifts the pencil from the paper for 15 seconds of 
each minute and for a longer period each 10 minutes, thus providing automatic 
time measurement. The pencil carriage can be moved manually to any part of the 
chart for initial setting and the direction of travel can be adjusted so that the chart 
can be placed with any cardinal direction “up.” 

The cover of the DRT is a sheet of glass to which a plotting sheet or blank 
paper can be fastened. An electric lamp on the top of the pencil carriage throws a 
spot of light through the paper directly over the carriage, thus providing a moving 
reference scaled to the course and speed of the vessel. If the position of the spot of 
light is marked periodically on the paper, a second record of the vessel’s track is 
obtained. However, the principal use of this sheet is for plotting successive positions 
of another craft, using the spot of light as the origin. A polar grid centered on the 
light may be projected onto the paper to facilitate measurement. The course of the 
other vessel can be measured directly from the plot, and its speed can be deter- 
mined by means of the time needed to travel any distance measured on the plot. 
This process is called tracking. If the ranges and bearings are plotted from a fixed 
point, relative movement is determined, a practice commonly followed in connection 
with radar. 

While dead reckoning equipment is a great convenience, particularly when 
changes of course or speed are numerous, its indications should be checked by 
graphical plot on the chart or plotting sheet. Reliable dead reckoning is too impor- 
tant to be left entirely to mechanical equipment without an independent check. 
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Courtesy of Ahrendt Instrument Co. 


FiGurRE 647.—A dead reckoning tracer. 


CHAPTER VII 


COMPASS ERROR 


Magnetism 


701. Theory of magnetism.—The fact that iron can be magnetized (given the 
ability to attract other iron) has been known for thousands of years, but the 
explanation of this phenomenon has awaited the recently acquired knowledge of 
atomic structure. According to present theory, the magnetic field around a current- 
carrying wire and the magnetism of a permanent magnet are the same phenome- 
non—fields created by moving electrical charges. This occurs whether the charge is 
moving along a wire, flowing with the magma of the earth’s core, encircling the 
earth at high altitude as a stream of charged particles, or rotating around the 
nucleus of an atom. 

It has been shown that microscopically small regions, called domains, exist in 
iron and other ferromagnetic substances. In each domain the fields created by 
electrons spinning around their atomic nuclei are parallel to each other, causing 
the domain to be magnetized to saturation. In a piece of unmagnetized iron, the 
directions of the various domains are arranged in a random manner with respect to 
each other. If the substance is placed in a weak magnetic field, the domains rotate 
somewhat toward the direction of that field. Those domains which are more nearly 
parallel to the field increase in size at the expense of the more non parallel ones. If 
the field is made sufficiently strong, entire domains rotate suddenly by angles of as 
much as 90° or 180° so as to become parallel to that “crystal axis” which is most 
nearly parallel to the direction of the field. If the strength of the field is increased 
to a certain value depending upon individual conditions, all of the domains rotate 
into parallelism with the field, and the iron itself is said to be magnetically 
saturated. If the field is removed, the domains have a tendency to rotate more or 
less rapidly to a more natural direction parallel to some crystal axis, and more 
slowly to random directions under the influence of thermal agitation. 

Magnetism which is present only when the material is under the influence of 
an external field is called induced magnetism. That which remains after the 
magnetizing force is removed is called residual magnetism. That which is retained 
for long periods without appreciable reduction, unless the material is subjected to a 
demagnetizing force, is called permanent magnetism. 

Certain substances respond readily to a magnetic field. These magnetic materi- 
als are principally those composed largely of iron, although nickel and cobalt also 
exhibit magnetic properties. The best magnets are made of an alloy composed 
mostly of iron, nickel, and cobalt. Aluminum and some copper may be added. 
Platinum and silver, properly alloyed with other material, make excellent magnets, 
but for ordinary purposes the increased expense is not justified by the improvement 
in performance. Permanent magnets occur in nature in the form of lodestone, a 
form of magnetite (an oxide of iron) possessing magnetic properties. A piece of this 
material constitutes a natural magnet. 

702. Hard and soft iron.—In some alloys of iron, the crystals can be so ar- 
ranged and internally stressed that the domains remain parallel to each other 
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indefinitely, and the metal thus becomes a permanent magnet. Such alloys are used 
for the magnets of a compass. In other kinds of iron, the domains reorient them- 
selves rapidly to conform to the direction of a changing external field, and soon 
take random directions if the field is removed. A ferromagnetic substance which 
retains much of its magnetism in the absence of an external field, is said to have 
high remanence or retentivity. The strength of a reverse field (one of opposite 
polarity) required to reduce the magnetism of a magnet to zero is called the 
coercivity or coercive force of the magnet. Hence, a compass magnet should have 
high remanence in order to be strong, and high coercivity so that stray fields will 
not materially affect it. For convenience, iron is called “hard” if it has high 
remanence, and “soft” if it has low remanence. Permeability (u) is the ratio of the 
strength of the magnetic field inside the metal (B) to the strength of the external 
field (H), or 


Lorne 

703. Lines of force.—The direction of a magnetic field is usually represented by 
lines, called lines of force. Relative intensity in different parts of a magnetic field is 
indicated by the spacing of the lines of force, a strong field having the lines close 
together. If a piece of unmagnetized iron is placed in a magnetic field, the lines of 
force tend to crowd into the iron, following its long axis, and the field is stronger in 
the vicinity of the iron, somewhat as shown in figure 703a. If the iron becomes 
permanently magnetized and is removed from this field, the lines of force around 
the iron follow paths about as shown in figure 703b. 
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Figure 703a.—Lines of force crowd Ficure 703b.—Field of a permanent magnet. 
into ferromagnetic material placed 
in a magnetic field. 


704. Magnetic poles.—The region in which the lines of force enter the iron is 
called the south pole, and the region in which they leave the iron is called the 
north pole. Thus, the lines of force are directed from south to north within the 
magnet, and from north to south in the external field. Every magnet has a north 
pole and a south pole. If a magnet is cut into two pieces, each becomes a magnet 
with a north pole and south pole. A single pole cannot exist independently. If two 
magnets are brought close together, unlike poles attract each other and like poles 
repel. Thus, a north pole attracts a south pole but repels another north pole. 

The earth itself has a magnetic field (art. 706), with its magnetic poles being 
some distance from the geographical poles. If a permanent bar magnet is supported 
so that it can turn freely, both horizontally and vertically, it aligns itself with the 
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magnetic field of the earth, which at most places is in a general north-south 
direction and inclined to the horizontal. Since the north pole of the magnet points 
in a northerly direction, the earth’s magnetic pole in the Northern Hemisphere has 
south magnetism. Nevertheless, it is called the north magnetic pole because of its 
geographical location. For a similar reason, the pole in the Southern Hemisphere, 
although it has north magnetism, is called the south magnetic pole. To avoid 
confusion, north magnetism is usually called “‘red,’’ and south magnetism, “blue.” 
The red (north) pole of a magnet is usually painted red, and in some cases the south 
(blue) pole is painted blue. The north magnetic pole of the earth is a blue pole, and 
the south magnetic pole is a red pole. 

705. The magnetism of soft iron, in which remanence is low, depends upon the 
position of the iron with respect to an external field. It is strongest if the long axis 
is parallel to the lines of force, and decreases to a minimum if the material is 
rotated so that the long axis is perpendicular to the lines of force. Figure 705 shows 
three positions of a bar magnet with respect to a magnetic field. At position X, the 
pole at the upper end of the bar is red and relatively strong. As the bar is rotated 
toward position Y, the upper end remains red, but its strength decreases. At 
position Y, no pole is apparent at either end, but a red pole extends along the entire 
left side of the bar, and a blue pole along the right side. Poles are strongest when 
concentrated into a small area. Hence, when spread over an entire side, as at 
position Y, they are relatively weak. At position Z, the upper end is biue. 


are ——— 


Ficure 705.—The polarity of a soft iron bar in a 
magnetic field. 


The change in polarity as a bar of soft iron is rotated in a magnetic field can 
easily be demonstrated. If a bar of soft iron is placed vertical in northern magnetic 
latitudes (as in any part of the United States), the north (red) end of a compass 
magnet brought near it will be attracted by the upper end of the bar, and repelled 
by the lower end. If the bar is inverted, so that its ends are interchanged, the upper 
end (which as the lower end previously repelled the compass needle) will attract the 
north end of the needle, and the lower end will repel it. Thus, the polarity of the 
rod is reversed, either end having blue magnetism if it is at the top. This changing 
polarity of soft iron in the earth’s field is a major factor affecting the magnetic 
compasses of a steel vessel. . 

706. Terrestrial magnetism.—The earth itself can be considered to be a gigantic 
magnet. Although man has known for many centuries that the earth has a magnet- 
ic field, the origin of the magnetism is not completely understood. Nevertheless, the 
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horizontal component of this field is a valuable reference in navigation, for it 
provides the directive force for the magnetic compass, which indicates the ship’s 
heading in relation to the horizontal component of this field. 

The world-wide pattern ofthe earth’s magnetism is roughly like that which 
would result from a short, powerful, bar magnet near the earth’s center, as shown 
in figure 706. The geographical poles are at the top and bottom, and the magnetic 
poles are offset somewhat from them. This representation, however, is greatly 
simplified. The actual field is more complex, and requires measurement of its 
strength and direction at many places (art. 707) before it can be defined accurately 
enough to be of practical use to the navigator. Not only are the magnetic poles 
offset from the geographical poles, but the magnetic poles themselves are not 180° 
apart and, in general, a magnetic compass aligned with the lines of force does not 
point toward either magnetic pole. In 1984, the north magnetic pole was located at 
latitude 78°9N, longitude 103°8W, approximately, in the vicinity of the Parry 
Islands; and the south magnetic pole was at latitude 65°4S, longitude 139°5E, 
approximately, off the coast of the northeastern part of Wilkes Land. However, the 
magnetic poles are not stationary. The entire magnetic field of the earth, including 
the magnetic poles, undergoes a small daily or diurnal change, and a very slow, 
progressive secular change. In addition, temporary sporadic changes occur from 
time to time during magnetic storms (art. 2513). During a severe storm, variation 
may change as much as 5°, or more. However, such disturbances are never so rapid 
as to cause noticeable deflection of the compass card, and in most navigable waters 
the change is so little that it is not significant in practical navigation. Even when 
there is no temporary disturbance, the earth’s field is considerably more intricate 
than indicated by an isomagnetic chart (art. 708). Natural magnetic irregularities 
occurring over relatively small areas are called magnetic anomalies by the magne- 
ticians, but the navigator generally refers to these phenomena as local disturb- 
ances. Notes warning of such disturbances are shown on charts. In addition, artifi- 
cial disturbances may be quite severe when a vessel is in close proximity to other 
vessels, piers, machinery, electric currents, etc. 


Ficure 706.—The magnetic field of the earth. 
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The elements of the earth’s field are as follows: 

Total intensity (F) is the strength of the field at any point, measured in a 
direction parallel to the field. Intensity is sometimes measured in oersteds, one 
oersted being equal to a force of one dyne acting on a unit pole. The range of 
intensity of the earth’s field is about 0.25 to 0.70 oersted. For convenience in 
geomagnetic surveying, a small unit is used, called the gamma. One oersted equals 
100,000 gammas, so that the range of intensity of the earth’s field is about 25,000 to 
70,000 gammas. 5 

Horizontal intensity (H) is the horizontal component of the total intensity. At 
the magnetic equator, which corresponds roughly with the geographic equator, the 
field is parallel to the surface of the earth, and the horizontal intensity is the same 
as total intensity. At the magnetic poles of the earth, the field is vertical and there 
is no horizontal component. The direction of the horizontal component at any place 
defines the magnetic meridian at that place. This component provides the desired 
directive force of a magnetic compass. 

North component (X) is the horizontal intensity’s component along a geograph- 
ic (true) meridian. 

East component (Y) is the horizontal intensity’s component perpendicular to 
the north component. 

Vertical intensity (Z) is the vertical component of the total intensity. It is zero 
at the magnetic equator. At the magnetic poles it is the same as the total intensity. 
While the vertical intensity has no direct effect upon the direction indicated by a 
magnetic compass, it does induce magnetic fields in vertical soft iron, and these 
may affect the compass. 

Variation (V, Var.), called declination (D) by magneticians, is the angle be- 
tween the geographic and magnetic meridians at any place. The expression magnet- 
ic variation is used when it is necessary to distinguish this from other forms of 
variation. This element is measured in angular units and named east or west to 
indicate the side of true north on which the (magnetic) northerly part of the 
magnetic meridian lies. For computational purposes, easterly variation is sometimes 
designated positive (+), and westerly variation negative (—). Grid variation (GV) or 
grivation is the angle between the grid and magnetic meridians at any place, 
measured and named in a manner similar to variation. 

Magnetic dip (1), called inclination (I) by magneticians, is the vertical angle, 
expressed in angular units, between the horizontal at any point and a line of force 
through that point. The magnetic latitude of a place is the angle having a tangent 
equal to half that of the magnetic dip of the place. 

At a distance of several hundred miles above the earth’s surface, the magnetic 
field surrounding the earth is believed to be uniform, as it appears in figure 706, 
and centered around two geomagnetic poles. These do not coincide with either the 
magnetic poles (art. 704) or the geographical poles. However, they are 180° apart, 
the north geomagnetic pole being at latitude 78°5N, longitude 69°W (near Etah, 
Greenland) and the south geomagnetic pole being at latitude 78°5S, longitude 
111°E. The great circles through these poles are called geomagnetic meridians. 
That geomagnetic meridian passing through the south geographical pole is the 
origin for measurement of geomagnetic longitude, which is measured eastward 
through 360°. The complement of the arc of a geomagnetic meridian from the 
nearer geomagnetic pole to a place is called the geomagnetic latitude. When the 
sun is over the upper branch of the geomagnetic meridian of a place, it is geomag- 
netic noon there, and when it is over the lower branch of the geomagnetic meridi- 
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an, it is geomagnetic midnight. The angle between the lower branch of the geomag- 
netic meridian of a place and the geomagnetic meridian over which the sun is 
located is called geomagnetic time. The diurnal change is related to geomagnetic 
time. The auroral zones (art. 4820) are centered on the geomagnetic poles. 

707. Measurement of the earth’s magnetic field is made continuously at about 
70 permanent magnetic observatories throughout the world. In addition, large 
numbers of temporary stations are occupied for short periods to add to man’s 
knowledge of the earth’s field. In the past, measurements at sea have been made by 
means of nonmagnetic ships constructed especially for this purpose. However, this 
is a slow and expensive method, and quite inadequate to survey properly the 71 
percent of the earth’s surface covered with water. Since World War II, a satisfac- 
tory airborne magnetometer has been developed by the U.S. Navy. By means of 
this instrument, continuous readings can be recorded automatically during long 
overwater flights. 

708. Isomagnetic charts showing lines of equality of some magnetic element are 
published by the Defense Mapping Agency Hydrographic/Topographic Center. The 
magnetic data are compiled by the United States Geological Survey with the 
assistance of the National Oceanic and Atmospheric Administration and in collabo- 
ration with the U.S. Naval Oceanographic Office. The three charts of each element 
consist of one on the Mercator projection (art. 305) covering most of the world, and 
one on a polar projection (azimuthal equidistant (art. 320) or stereographic) for each 
of the two polar areas. All charts now included in the series are published at 
intervals of 10 years, showing the values for the beginning of each year ending in 
five. Charts showing variation are also published for the years ending in zero (1950, 
1960, etc.). 

The isomagnetic chart of most concern to a navigator is chart 42, Magnetic 
Variation, a simplified version of which is shown in figure 708a. The lines connect- 
ing points of equal magnetic variation are called isogonic lines. These are not 
magnetic meridians (lines of force). The line connecting points of zero variation is 
called the agonic line. Variation is also shown on nautical charts. Those of relative- 
ly small scale generally show isogonic lines. Those of scale larger than 1:100,000 
generally give the information in the form of statements inside compass roses 
placed at various places on the chart, and sometimes, also, by a magnetic compass 
rose within the true compass rose and offset from it by the amount of the variation. 
By means of this arrangement, true directions can be plotted without arithmetically 
applying variation to magnetic directions, or magnetic directions can be read direct- 
ly from the chart. The magnetic compass rose is generally graduated in both 
degrees and points. Variation is given to the nearest 15’, and the annual change to 
the nearest 1’. However, since the rate of change is not constant, a very old chart 
should not be used, even though it has been corrected for all changes shown in 
Notices to Mariners. 

Another isomagnetic chart of value to the mariners is chart 30, Magnetic 
Inclination or Dip, figure 708b. Lines connecting points of equal magnetic dip are 
called isoclinal lines. The line connecting points of zero dip is called the magnetic 
equator. 

Other isomagnetic charts are chart 33, showing horizontal intensity in gammas 
(art. 706); chart 36, showing vertical intensity in gammas; and chart 39, showing 
total intensity in gammas. Lines connecting points of equal intensity on any of 
these charts are called isodynamic lines. 
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Figure 708a.—Variation. A simplification of chart 42. 
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Ficure 708b.—Magnetic dip. A simplification of chart 30. 
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Other isomagnetic charts show (1) magnetic inclination in north and south 
polar areas; (2) horizontal intensity, including horizontal intensity in north and 
south polar areas; (3) vertical intensity, including vertical intensity in north and 
south polar areas; (4) total intensity, including total intensity in north and south 
polar areas; (5) magnetic variation in north and south polar areas; and (6) magnetic 
grid variation. 

All of the isomagnetic charts also show isopors, in a distinctive color, connect- 
ing points of equal annual change of the element at the epoch of the chart. 

The charts are as accurate as can be made with available information, except 
that the lines are smoothed somewhat, rather than depicting every small irregular- 
ity. The larger irregularities are reflected in the information shown on nautical 
charts, but local disturbance is indicated by warning notes at appropriate places. In 
areas where measurements of the magnetic field have not been made for a long 
period, the previous information is altered in accordance with the best information 
available on secular change, with some adjustment to provide continuous smooth 
curves. When information is thus carried forward for many years, errors may be 
introduced, particularly in areas where the rate of change is large and variable. 
Magneticians have not detected a recognizable worldwide pattern in secular change, 
such as would occur if it were due only to shifting of the positions of the magnetic 
poles. Rather, these shifts are part of the general complex, little-understood secular 
change. 


The Compass Error 


709. Magnetic compass error.—Directions relative to the northerly direction 
along a geographic meridian are true. In this case, true north is the reference 
direction. If a compass card is horizontal and oriented so that a straight line from 
its center to 000° points to true north, any direction measured by the card is a true 
direction and has no error (assuming there is no calibration or observational error). 
If the card remains horizontal but is rotated so that it points in any other direction, 
the amount of the rotation is the compass error. Stated differently, compass error 
is the angular difference between true north and compass north (the direction 
north as indicated by a magnetic compass). It is named east or west to indicate the 
side of true north on which compass north lies. 

If a magnetic compass is influenced by no other magnetic field than that of the 
earth, and there is no instrumental error, its magnets are aligned with the magnet- 
ic meridian at the compass, and 000° of the compass card coincides with magnetic 
north. All directions indicated by the card are magnetic. As stated in article 706, 
the angle between geographic and magnetic meridians is called variation (V or 
Var.). Therefore, if a compass is aligned with the magnetic meridian, compass error 
and variation are the same. 

When a compass is mounted in a vessel, it is generally subjected to various 
magnetic influences other than that of the earth. These arise largely from induced 
magnetism in metal decks, bulkheads, masts, stacks, boat davits, guns, etc., and 
from electromagnetic fields associated with direct current in electrical circuits. 
Some metal in the vicinity of the compass may have acquired permanent magne- 
tism. The actual magnetic field at the compass is the vector sum, or resultant (art. 
118, vol. ID, of all individual fields at that point. Since the direction of this 
resultant field is generally not the same as that of the earth’s field alone, the 
compass magnets do not lie in the magnetic meridian, but ina direction that makes 
an angle with it. This angle is called deviation (D or Dev.). Thus, deviation is the 
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angular difference between magnetic north and compass north. It is expressed in 
angular units and named east or west to indicate the side of magnetic north on 
which compass north lies. Thus, deviation is the error of the compass in pointing to 
magnetic north, and all directions measured with compass north as the reference 
direction are compass directions. Since variation and deviation may each be either 
east or west, the effect of deviation may be to either increase or decrease the error 
due to variation alone. The algebraic sum of variation and deviation is the total 
compass error. 

For computational purposes (art. 727), deviation and compass error, like varia- 
tion, may be designated positive (+) if east and negative (—) if west. 

Variation changes with location, as indicated in figure 708a. Deviation depends 
upon the magnetic latitude and also upon the individual vessel, its trim and 
loading, whether it is pitching or rolling, the heading (orientation of the vessel with 
respect to the earth’s magnetic field), and the location of the compass within the 
vessel. Therefore, deviation is not published on charts. 

710. Deviation table.—In practice aboard ship, the deviation is reduced to a 
minimum, as explained later in this chapter. The remaining value, called residual 
deviation, is determined on various headings and recorded in some form of devi- 
ation table. Figure 710 shows both sides of the form used by the United States 
Navy. This table is entered with the magnetic heading, and the deviation on that 
heading is determined from the tabulation, separate columns being given for de- 
gaussing (now called magnetic silencing) (DG) off and on (art. 740). If the deviation 
is not more than about 2° on any heading, satisfactory results may be obtained by 
entering the values at intervals of 45° only. 

If the deviation is small, no appreciable error is introduced by entering the 
table with either magnetic or compass heading. If the deviation on some headings is 
large, the desirable action is to reduce it, but if this is not practicable, a separate 
deviation table for compass heading entry may be useful. This may be made by 
applying the tabulated deviation to each entry value of magnetic heading, to find 
the corresponding compass heading, and then interpolating between these to find 
the value of deviation at each 15° compass heading. Another method is to plot the 
values on cross-section paper and select the desired values graphically. 

A nomogram especially designed for interconversion of magnetic and compass 
headings is called a Napier diagram, having been devised by James Robert Napier 
(1821-79). It consists of a dotted, vertical centerline graduated from 000° to 360° 
(usually in two parallel parts of 180° each), with two series of crosslines making 
angles of 60° with the dotted vertical line and with each other. If magnetic headings 
are used, deviation is measured along a solid crossline; and if compass headings are 
used, deviation is measured along a dotted crossline. A deviation curve is drawn 
through the various points. To convert a magnetic heading to a compass heading, 
one finds the magnetic heading on the vertical centerline, moves parallel to a solid 
crossline until the curve is reached, and returns to the centerline by moving 
parallel to a dotted line. The compass heading is the value at the point of return. 
The reverse process is used for converting a compass heading to a magnetic head- 
ing. This nomogram is of particular value where the deviation is large and chang- 
ing rapidly. It is now possible, however, to reduce deviation to such small values 
that the Napier diagram has lost much of its appeal and is seldom used. 

Another solution is to make a deviation table with one column for magnetic 
heading, a second column for deviation, and a third for compass heading. Still 
another solution, most popular among yachtsmen, is to center a compass rose inside ~ 
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Ficure 710.—Deviation table. 


a larger one so that an open space is between them, and a radial line would connect 
points of the same graduation on both roses. Each magnetic heading for which 
deviation has been determined is located on the outer rose, and a straight line is 
drawn from this point to the corresponding compass heading on the inner rose. 
A variation of this method is to draw two parallel lines a short distance apart, 
and graduate each from 0 to 360 so that a perpendicular between the two lines 
connects points of the same graduation. Straight lines are drawn from magnetic 
directions on one line to the corresponding compass directions on the other. If the 
lines are horizontal and the upper one represents magnetic directions, the slope of 
the line indicates the direction of the deviation. That is, for westerly deviation the 
upper part of the connecting line is left (west) of the bottom part, and for easterly 
iation it is right. 
Oe haar point to remember regarding deviation is that it varies with the 
heading. Therefore, a deviation table is never entered with a bearing (art. 1004). If 
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the deviation table converts directly from one type heading to another, deviation is 
found by taking the difference between the two values. On the compass rose or 
straight-line type, the deviation can be written alongside the connecting line, and 
the intermediate values determined by estimate. If one has trouble determining 
whether to add or subtract deviation when bearings are involved, he has only to 
note which heading, magnetic or compass, is larger. The same relationship holds 
between the two values of bearing. 

The deviation table should be protected from damage due to handling or 
weather, and placed in a position where it will always be available when needed. A 
method commonly used is to mount it on a board, cover it with shellac or varnish, 
and attach it to the binnacle. Another method is to post it under glass near the 
compass. It is good practice for the navigator to keep a second copy available at a 
convenient place for his use. 

711. Applying variation and deviation.—As indicated in article 709, a single 
direction may have any of several numerical values depending upon the reference 
direction used. One should keep clearly in mind the relationship between the 
various expressions of a direction. Thus, true and magnetic directions differ by the 
variation, magnetic and compass directions differ by the deviation, and true and 
compass directions differ by the compass error. Other relationships are also useful. 
Thus, grid (art. 2510) and magnetic directions differ by the grid variation or griva- 
tion, and true and relative directions differ by the true heading. The use of varia- 
tion and deviation is considered here. Other relationships are discussed elsewhere 
in this volume. 

If variation or deviation is easterly, the compass card is rotated in a clockwise 
direction. This brings smaller numbers opposite the lubber’s line. Conversely, if 
either error is westerly, the rotation is counterclockwise and larger numbers are 
brought opposite the lubber’s line. Thus, if the heading is 090° true (fig. 711, A) and 
variation is 6°E, the magnetic heading is 090° —6°=084° (fig. 711, B). If the deviation 
on this heading is 2°W, the compass heading is 084°+2°=086° (fig. 711, C). Also, 
compass error is 6°E—2°W=4°E, and compass heading is 090° —4°=086°. If compass 
error is easterly, the compass reads too low (in comparison with true directions), 
and if it is westerly, the reading is too high. Many rules-of-thumb have been devised 
as an aid to the memory, and any which assist in applying compass errors in the 
right direction are of value. However, one may forget the rule or its method of 
application, or may wish to have an independent check. If he understands the 
explanation given above, he can determine the correct sign without further infor- 
mation. The same rules apply to the use of gyro error. Since variation and deviation 
are compass errors, the process of removing either from an indication of a direction 
(converting compass to magnetic or magnetic to true) is often called correcting. 
Conversion in the opposite direction (inserting errors) is then called uncorrecting. 

Example.—A vessel is on course 215° true in an area where the variation is 
7°W. The deviation is as shown in figure 710. Degaussing is off. The gyro error (GE) 
is 1°K. A lighthouse bears 306°5 by magnetic compass. 

Required.—(1) Magnetic heading (MH). 

(2) Deviation. 

(8) Compass heading (CH). 

(4) Compass error. 

(5) Gyro heading. 

(6) Magnetic bearing of the lighthouse. 

(7) True bearing of the lighthouse. 

(8) Relative bearing (art. 1004) of the lighthouse. 
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FicurE 711.—Effect of variation and deviation on the compass card. 


Solution.— 
Awake! Allis? 
Vi TOW: 
(1)MH 222° 
(2) D 1°5W 
(3) CH 223°5 


The deviation is taken from the deviation table (fig. 710), to the nearest half 
degree. 
(4) Compass error is 77W+1°5W=8°5W. 
TH 215° 
GE VE 
(5) yee 214° 
CB 306°5W 
De ce5w. 
(6)MB 305° 
V8 SW. 
(7) TB 298° 
(8) RB=TB—TH=298° — 215° = 083°. 
Answers.—(1) MH 222°, (2).D175W,,. (3) CH 223°5, (4) CE 8°5W, (5) Hyg. 214°, 
(6) MB 305°, (7) TB 298°, (8) RB 083°. 


Deviation and its Reduction 


712. Magnetism of a steel vessel.—The materials of which a vessel is construct- 
ed are not, in general, selected for their magnetic properties. As a result, many 
degrees of permeability, remanence, and coercivity (art. 702) exist within its struc- 
ture. Detailed analysis of the complex field existing at a magnetic compass is a 
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specialized study not ordinarily required of the navigator. However, a general 
knowledge of the basic principles involved is of value to the navigator in helping 
him understand better the behavior of his magnetic compasses. 

For most purposes, a vessel ¢an be considered to be composed of two types of 
material: “hard iron” and “soft iron.” 

“Hard iron” is all material having some degree of permanent magnetism. This 
magnetism is acquired largely during construction of the vessel, when the rear- 
rangement of the domains (art. 701) is facilitated by the bending, riveting, welding, 
and other violent mechanical processes. Since a vessel remains on a constant 
magnetic heading while it is on the building ways, a field of permanent magnetism 
becomes established, the positions of the poles being dependent largely upon the 
orientation of the hull with respect to the magnetic field of the earth. If a vessel is 
constructed on a heading of magnetic north, at a place where the magnetic dip is 
70°N (the approximate value at the midpoint of the east coast of the United States), 
its field of permanent magnetism is about as shown at the left of figure 712. The 
upper and stern portions are magnetically blue, while the lower and forward 
portions are magnetically red. If the vessel is built on a heading of magnetic east, 
the starboard and upper portions are blue, and the port and lower portions are red, 
as shown by the stern view at the right of figure 712. If the heading is magnetic 
northeast, the upper, starboard, and stern portions are blue, and the lower, port, 
and forward portions red. The red and blue portions for any given vessel can be 
visualized by drawing a sketch similar to that of figure 712, with the correct 
orientation. 

The “permanent” magnetism thus acquired during construction is less perma- 
nent than that of a permanent magnet such as one of those used in a compass, and 
is modified somewhat after launching, particularly if the vessel remains on another 
heading for a considerable time during fitting out. The change is especially rapid 
during the first few days after launching, when the domains of the softer iron 
become reoriented. At this stage, deviation due to permanent magnetism may 
change several degrees. Further changes in the vessel’s permanent magnetism may 
occur during long periods of being moored on a constant heading, or during a run of 
several days on nearly the same heading. This change is gradual and affects the 
strength, but usually not the polarity, of the magnetic field. The permanent field 
may be changed quickly, in polarity as well as in strength, if the vessel grounds, 
collides with another vessel, is struck by lightning, undergoes magnetic treatment 
(art. 744), fires its guns, or is struck by shells or bombs, etc. 

The effect that the permanent magnetism of hard iron has upon a compass 
depends upon the position and strength of the poles relative to the compass. When 
the poles are in line with the north-south axis of the compass card, the only effect is 
to strengthen or weaken the directive force of the compass. When the compass 
heading is approximately 90° away, so that the poles are east and west of the 
compass, the deviating effect is maximum. The direction of the deviation is the 
same as that of the blue pole with respect to the compass. 

“Soft iron” is all that material in which induced magnetism (art. 701) is 
present. With respect to its effect upon the magnetic compass, it is classed as either 
vertical or horizontal. Unlike hard iron, its magnetic field changes quickly as its 
orientation with respect to the earth’s field changes. It also changes as the strength 
of the earth’s field changes. For some purposes induced magnetism can be treated 
as if it were concentrated in two bars of soft iron, one vertical and the other - 
horizontal. The polarity depends upon the position of the vessel relative to the 
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Figure 712.—Permanent magnetism of a vessel built on heading magnetic north (left) and magnetic east 
(right) at a place where the magnetic dip is 70°N. 


earth’s magnetic field, and the strength depends upon the strength of the vertical 
and horizontal components of the earth’s field. This is illustrated in figure 712. In 
north magnetic latitude the bottom of the vertical rod has red magnetism and the 
top has blue magnetism. In south magnetic latitude these are reversed. In both 
north and south magnetic latitudes the magnetic north end of the horizontal bar 
has red magnetism, and the magnetic south end has blue magnetism. Thus, what- 
ever the position of the rod, that part in the direction of magnetic north has red 
magnetism, and that part in the direction of magnetic south has blue magnetism. 
That is, each end has magnetism opposite to that of the magnetic pole indicated by 
the direction in which it is pointed. 

The effect upon a magnetic compass of the induced magnetism in soft iron 
depends upon the strength and direction of the field relative to the compass. The 
cumulative effect of the induced magnetism in vertical soft iron is generally on the 
centerline of the vessel (if of conventional construction), and for a compass located 
forward, as on the bridge, is aft of the compass. In magnetic north latitude the 
effect is generally that of a blue pole at the level of the compass card. In magnetic 
south latitude the pole is red. On a heading of compass north or south the pole is in 
line with the magnets of a centerline compass and serves only to strengthen or 
weaken the directive force. On a heading of compass east or west the pole is 
perpendicular to the north-south axis of the compass card, and the deviating force 
is greatest. 

For a compass located on the centerline of a vessel of conventional construc- 
tion, the horizontal soft iron close enough to have appreciable effect upon the 
compass is arranged in a more-or-less symmetrical manner with respect to the 
compass. Thus, on any cardinal compass heading, the fore-and-aft and athwartship 
horizontal soft iron is either in line with the compass magnets or equally and 
similarly arranged on both sides. No error is introduced by such symmetrical 
horizontal soft iron because the iron north and south of the compass magnets serves 
only to strengthen or weaken the directive force, and that east and west of the 
compass sets up an equal and opposite field on each side. On intercardinal headings, 
the poles of the induced magnetism are offset and a maximum deviating force 
occurs. That part of horizontal soft iron which is not symmetrically arranged with 
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respect to the compass—the asymmetrical soft iron—produces deviation which is 
maximum on the cardinal headings and zero on the intercardinal headings (by 
compass). This type of deviation is particularly great in a compass not mounted on 
the centerline of the vessel. It may also produce deviation which is constant on all 
headings. 

In wooden-hulled vessels such as certain yachts and small fishing vessels, one 
or more of these types of magnetism may be weak or entirely missing, but this does 
not justify the omission of any part of the correction procedure. 

As far as its effect upon the compass is concerned, the magnetic field at a 
centerline compass located forward on a vessel of conventional construction, and on 
an even keel, is essentially the same as that which would result from four sources: 
(1) the earth’s magnetism; (2) a single blue pole the location and strength of which 
depends upon the magnetic history of the vessel; (8) a single pole which is blue in 
north magnetic latitude and red in south magnetic latitude, is on the centerline aft 
of the compass, and increases in strength with higher magnetic latitude; and (4) a 
single blue pole on the starboard side for easterly headings and on the port side for 
westerly headings, being of zero strength on a heading of north or south and 
decreasing in strength with increased magnetic latitudes. The single pole concept 
assumes that the effect of one pole predominates. The locations of the poles depend 
partly upon the position of the compass to which they apply. The actual field 
surrounding any magnetic compass may be considerably more complex than indi- 
cated. 

713. Compass adjustment.—There are at least two possible solutions to the 
problem of compass error. The error can be permitted to remain, and the various 
directions interconverted by means of variation and deviation, or compass error, as 
explained in article 711; or the error can be removed. In practice, a combination of 
both of these methods is used. 

Variation depends upon location of the vessel, and the navigator has no control 
over it. Provision could be made for offsetting the lubber’s line, but this would not 
be effective in correcting magnetic compass bearings, and this practice is not 
generally followed. Variation does not affect the operation of the compass itself, and 
so is not objectionable from this standpoint. 

Deviation is undesirable because it is more troublesome to apply, and the 
magnetic field which causes it partly neutralizes the directive force acting upon the 
compass, causing it to be unsteady and sluggish. As the vessel rolls and pitches, or 
as it changes magnetic latitude, the magnetic field changes, producing a correspond- 
ing change in the deviation of an unadjusted compass. 

Deviation is eliminated, as nearly as practicable, by introducing at the compass 
a magnetic field that is equal in magnitude and opposite in polarity to that of the 
vessel. This process is called compass adjustment, or sometimes compass compen- 
sation, although the latter designation is now more generally applied to the process 
of neutralizing the effect due to degaussing of the vessel (art. 745). 

In general, the introduced field is of the same kind of magnetism as well as of 
the same intensity as those of the field causing deviation. That is, permanent 
magnets are used to neutralize permanent magnetism, and soft iron to neutralize 
induced magnetism, so that the adjustment remains effective with changes of 
heading and magnetic latitude. A relatively small mass of iron near the compass 
introduces a field equal to that of a much larger mass at a distance. 

When a compass is properly adjusted, its remaining or residual deviation is 
small and practically constant at various magnetic latitudes, the directive force is 
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as strong as is obtainable on all headings, and the compass returns quickly from 
deflections and is comparatively steady as the vessel rolls and pitches. 

714. Effect of latitude.—As indicated in article 706, the magnetic field of the 
earth is horizontal at the magnetic equator, and vertical at the magnetic poles, the 
change occurring gradually as a vessel proceeds away from the magnetic equator. 
At any place, the relative strength of the horizontal and vertical components 
depends upon the magnetic dip. The directive force of a magnetic compass, provided 
by the horizontal component of the earth’s magnetic field, is maximum on or near 
the magnetic equator and gradually decreases to zero at the magnetic poles. Within 
a certain area surrounding each magnetic pole the directive force is so weak that 
the compass is unreliable (art. 2513). 

Deviation changes with a change of the relative strength of either the deviating 
force or the directive force. Thus, with either an increase in deviating force or a 
decrease in directive force, the deviation increases. However, if both the deviating 
and directive forces change by the same proportion, and with the same sign, there 
is no change in deviation. Also, if a deviating force is neutralized by an equal and 
opposite force of the same kind, there is no change of deviation with a change of 
magnetic latitude. 

Permanent magnetism is the same at any latitude. If the permanent magne- 
tism of the vessel is neutralized by properly placed permanent magnets of the 
correct strength, a change of magnetic latitude can be made without introduction of 
deviation. But if residual deviation due to permanent magnetism is present, it 
increases with a change to higher latitude. The deviating force remains unchanged 
while the directive force decreases, resulting in an increase in the relative strength 
of the deviating force. 

As magnetic latitude increases, the vertical component of the earth’s magnetic 
field becomes stronger, increasing the amount of induced magnetism in vertical soft 
iron. At the same time the directive force of the compass decreases. Both effects 
result in increased deviation unless the deviating force is neutralized by induced 
magnetism in vertical soft iron. 

As magnetic latitude increases, the induced magnetism in the horizontal soft 
iron decreases in the same proportion as the decrease in the directive force of the 
compass, since both are produced by the horizontal component of the earth’s mag- 
netic field. Therefore, any deviation due to this cause is the same at any latitude. 

715. Parameters.—Compass adjustment might be accomplished by locating the 
pole of each magnetic field, and establishing another pole of opposite polarity and 
equal intensity at the same place, or of less intensity and nearer to the compass; or 
a pole of opposite polarity and suitable intensity might be established at the correct 
distance on the opposite side of the compass. Thus, a blue pole east of a compass 
attracts the red northern ends of the compass magnets and repels the blue southern 
ends. Both effects cause rotation of the compass magnets and the attached compass 
card in a clockwise direction, producing easterly deviation. Either a red pole east of 
a compass, or a blue pole west of it, causes westerly deviation. If there are two 
fields of opposite polarity, one will tend to neutralize the other. If the intensities of 
the two fields are equal at the compass, one will cancel the other, and no deviation 
occurs. 

Because of the complexities of the magnetic field of a vessel, and the fact that 
each individual field making up the total is present continuously, the process of 
isolating individual poles would be a difficult and time-consuming one. Fortunately, 
this is unnecessary. The vessel’s field is resolved into certain specified components. 
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Each of these components, regardless of its origin or the number of individual fields 
contributing to it, can be neutralized separately. Each component is called a param- 
eter, and the various parameters are designated by letter, as follows: 

Permanent magnetism. Parameter P is the fore-and-aft component. It is positive 
(+) if it is the equivalent of a blue pole forward of the compass, and negative (—) if 
red. 

Parameter Q is the athwartship component. It is positive if it is the equivalent 
of a blue pole to starboard. 

Parameter R is the vertical component. It is positive if it is the equivalent of a 
blue pole below the compass. 

Induced magnetism has nine parameters, each the equivalent of that produced 
by a slender rod of soft iron. Each end of a rod is positive if it is forward, to 
starboard, or below the compass. Each rod is positive if both ends are positive or if 
both ends are negative, and negative if the two ends are of opposite sign. The rods 
are as follows: 

a, b, c—one end level with the compass and in its. fore-and-aft axis, either 
forward or aft. It is an a rod if it extends fore-and-aft, a b rod if athwartships, and a 
c rod if vertical. 

d, e, f—one end level with the compass and in its athwartships axis, either to 
starboard or to port. It is a d rod if it extends fore-and-aft, an e rod if athwartships, 
and an f rod if vertical. 

g, h, k—one end in the vertical axis of the compass, either above it or below it. 
It is a g rod if it extends fore-and-aft, an h rod if athwartships, and a & rod if 
vertical. 

716. Coefficients.—Deviation which is easterly throughout approximately 180° 
of heading and westerly throughout the remainder is called semicircular deviation, 
indicating that its sign remains unchanged throughout a semicircle. Deviation 
caused by permanent magnetism and that caused by induced magnetism in vertical 
soft iron are semicircular. Deviation which changes sign in each quadrant, being 
easterly in two opposite quadrants and westerly in the other two, is called quadran- 
tal deviation. It is caused by induced magnetism in horizontal soft iron. The types 
of deviation resulting from the various parameters are called coefficients. There are 
six, as follows: 

Coefficient A is constant on all headings. If its cause is magnetic, as from an 
asymmetrical combination of parameters, it is a “true” constant. If its cause is 
mechanical, as from an incorrectly placed lubber’s line, or mathematical, as from 
an error in computation of magnetic azimuth, it is an “apparent” constant. 

Coefficient B is semicircular deviation which is proportional to the sine of the 
compass heading. It is maximum on compass headings east or west, and zero on 
compass headings north or south. Coefficient B is caused by permanent magnetism, 
and also by induced magnetism in asymmetrical vertical soft iron. 

Coefficient C is semicircular deviation which is proportional to the cosine of 
the compass heading. It is maximum on compass headings north or south, and zero 
on compass headings east or west. Coefficient C is caused by permanent magnetism 
or by induced magnetism in asymmetrical vertical soft iron athwartship of the 
compass. 

Coefficient D is quadrantal deviation which is proportional to the sine of twice 
the compass heading. It is maximum on intercardinal compass headings, and zero 
on cardinal compass headings. Coefficient D is caused by induced magnetism in 
horizontal soft iron which is symmetrical with respect to the compass. 
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Coefficient E is quadrantal deviation which is proportional to the cosine of 
twice the compass heading. It is maximum on cardinal compass headings, and zero 
on intercardinal compass headings. Coefficient E is caused by induced magnetism in 
horizontal soft iron which is asymmetrical with respect to the compass. 

Coefficient J is the change of deviation for a heel of 1° while the vessel is on 
compass heading 000°. 

The determination and use of the approximate coefficients in the analysis of 
compass deviation are discussed in article 727. The force components producing 
these coefficients are called exact coefficients. They are designated by the corre- 
sponding upper case German letters. The exact coefficients are now little used in 
practical navigation. They are fully discussed in various books on compass adjust- 
ment. 

717. Effect of compass location.—The location of a magnetic compass greatly 
influences the amount and type of deviation, as well as the adjustment. Thus, if a 
compass is on the centerline, forward, the effective pole of vertical soft iron is aft of 
it; but if the compass is on the afterpart of the vessel, the effective pole is forward. 
If the compass is not on the centerline, as the steering compass of an aircraft 
carrier, the magnetic field of the vessel is not symmetrical with respect to the 
compass. If a compass is located in a steel pilot house, the surrounding metal acts 
as a shield and reduces the strength of the magnetic field of the earth. This is of 
particular significance in high magnetic latitudes, where the directive force is weak. 

Many factors influence the selection of a position for the compass. The most 
important consideration is the use to be made of it. A steering compass is of little 
use unless it is located so that it can be seen by the steersman. A compass to be 
used for emergency steering should be at the emergency steering station. A compass 
to be used for observing bearings or azimuths, or a standard compass to be used for 
checking other compasses, should be located so as to have a clear view in most 
directions. 

However, some choice is possible. A compass should not be placed off the 
centerline if it can be placed on the centerline and still serve its purpose. It should 
not be placed near iron or steel equipment that will frequently be moved, if this can 
be avoided. Thus, a location near a gun, boat davit, or boat crane is not desirable. 
The immediate vicinity should be kept free from sources of deviation—particularly 
those of a changing nature—if this can be done. That is, no source of magnetism, 
other than the structure of the vessel, should be permitted within a radius of 
several feet of the magnetic compass. Some sources which might be overlooked are 
electric wires carrying direct current; magnetic instruments, searchlights, wind- 
shield wipers, electronic equipment, or motors; steel control rods, gears, or supports 
associated with the steering apparatus; fire extinguishers, gas detectors, etc.; and 
metal coat hangers, flashlights, keys, pocketknives, metal cap devices, or nylon 
clothing. The effect of some items such as an ammeter or electric windshield wiper 
varies considerably at different times. If direct current is used to light the compass, 
the wires should be twisted. th 

A magnetic compass cannot be expected to give reliable service unless it is 
properly installed and protected from disturbing magnetic influences. 

718. The binnacle.—The compass is housed in a binnacle. This may vary from a 
simple wooden box to an elaborate device of bronze or other nonmagnetic material. 
Most binnacles provide means for housing or supporting the various objects used for 
compass adjustment, as well as the equipment for compensating for deviation 
caused by degaussing. The standard binnacle for the U. S. Navy 77-inch compass 1s 
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shown in figure 718. The trays for holding the fore-and-aft and athwartship mag- 
nets (art. 719), and the tube for the heeling magnet (art..724), can be seen through 
the open door. 
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Figure 718.—The standard binnacle for a U. S. 
_ Navy 74-inch compass. 


719. Adjustment for deviation due to permanent magnetism.—Permanent mag- 
netism can be considered concentrated in a single pole, the position of which 
depends upon the magnetic heading upon which the vessel was constructed, and the 
subsequent magnetic history of the vessel. Figure 719a indicates the condition if the 
permanent magnetism can be considered concentrated in a single blue pole which is 
directly south of the compass when the vessel is headed magnetic northeast. The 
only effect on this heading is to weaken the directive force. No deviation is pro- 
duced because the pole is in line with the compass magnets. On heading magnetic 
southwest, the pole is also in line with the compass magnets and there is no 
deviation, but the directive force is strengthened. On any other heading, the pole is 
not in line with the compass magnets, and deviation occurs, being in the same 
direction as that of the blue pole from the compass, since the blue pole attracts the 
red northerly ends of the compass magnets and repels the blue southerly ends. The 
maximum effect occurs when the compass heading is approximately 90° from that 
of zero deviation. In figure 719a the headings shown on the compass card are the 
magnetic headings of the vessel. Their offset from the lubber’s line shows the 
direction and relative magnitude of deviation. 

If there were no other magnetism in the vessel, the poles might easily be 
located and neutralized by placing a magnet in such a position that a field of 
permanent magnetism but opposite polarity would occur at the compass. Although 
this method of adjustment has been used, it has not proven entirely satisfactory. 
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Ficure 719a.—Deviation due to permanent magnetism if the resultant field is that of a blue pole on the 
starboard quarter of the vessel. 


The usual method is to adjust for the fore-and-aft (parameter P) and athwart- 
ship (parameter Q) components separately. These are shown in figure 719b. The 
vertical parameter R does not produce deviation while the vessel is on an even keel. 
Its effect when the vessel heels is discussed in article 724. Thus, the effect of a 
single blue pole at the position shown in figure 719a is the same as that which 
would be produced by two weaker poles as shown in figure 719b. On heading east or 
west by the compass, parameter Q does not produce deviation directly. However, on 
easterly headings it does weaken the directive force due to the earth’s magnetic 
field and therefore the deviating force of parameter P (causing deviation coefficient 
B) is relatively stronger and has a greater deviating effect. On a westerly heading 
the directive force would be strengthened, with a corresponding decrease in the B 
coefficient of deviation. By weakening the directive force on easterly headings, 
parameter Q also makes the compass sluggish on these headings. In high latitudes, 
where the horizontal component of the earth’s magnetic field is weak, the compass 
may lose its directivity at a greater distance from the magnetic pole. Nearer the 
pole, it might point in the opposite direction. 
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FicurE 719b.—The horizontal component of the permanent field of figure 719a resolved into its 
components, parameters P and Q. 


Many binnacles provide a group of several small tubes or “trays” extending in 
a fore-and-aft direction below the compass. One or more permanent magnets can be 
inserted in these trays, and the whole assembly moved up or down to vary the 
effect upon the compass. Figure 719c shows the situation if a single magnet is 
placed with its red end aft. The field at the compass is in the opposite direction of 
that of parameter P, and if it is of equal strength, the effect of this parameter is 
eliminated. 
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FiGcurE 719c.—The field of permanent magnet ney the compass and opposing parameter P of figure 


If now the vessel is headed north or south by the compass, the only pole 
remaining is that due to parameter Q (causing deviation coefficient C), as shown in 
figure 719d. A set of trays in an athwartship direction below the compass permits 
insertion of one or more permanent magnets to neutralize the remaining perma- 
nent magnetism. The effect of inserting a single magnet with red end to starboard 
is shown in figure 719e. With both components removed, the field at the compass is 
completely neutralized. 

Both the fore-and-aft (B) and athwartship (C) trays are in pairs with an equal 
number of trays on each side of the vertical axis of the compass. In each set of trays 
it is generally desirable to use an even number of magnets equally distributed on 
each side, to produce a symmetrical field around the compass. However, under some 
conditions, maximum reduction of deviation occurs with an odd number of magnets, 
particularly when two magnets at maximum distance from the compass overcorrect. 
If there is a choice, a greater number of magnets at a distance is preferable to a 
lesser number close to the compass. 
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FicurE 719d.—The per- FiGuRE 719e.—The field of a permanent magnet 
manent field of figure below the compass and opposing parameter Q of 
719a after neutraliza- figure 719b. 


tion of parameter P. 


With each parameter, the trays to use are those which are approximately 
perpendicular to the compass magnets. The magnets are placed so that the red ends 
will be on that side of the compass corresponding to the deviation. Thus, if devi- 
ation is easterly, the magnets should be placed so that the red ends will be east of 
the compass (forward if the heading is east, and to starboard if the heading is 
north). However, if the wrong end is inserted in the trays, the fact will be immedi- 
ately apparent because the compass card will rotate in the wrong direction. If the 
binnacle is not constructed to receive appropriate corrector magnets, these might be 
secured to some supporting surface near the compass. 

During adjustment, the unused magnets should be kept far enough from the 
compass so that they will not affect it. 

720. Adjustment for deviation due to induced magnetism in vertical soft 
iron.—Figure 720 shows the effect upon the compass of a single blue pole on the 
centerline of the vessel, aft of the compass. This is a typical situation for induced 
magnetism in vertical soft iron, for a centerline compass located in the forward part 
of a vessel in magnetic north latitude. On heading north by compass there is no 
deviating force, but the directive force is weakened. In high northern latitudes, 
where this pole becomes strong and the directive force becomes weak, magnetism of 
this type, if not neutralized, can cause the compass to be unreliable in a much 
larger area than if the force is neutralized. On a heading of south by compass there 
is no deviation, but the directive force is strengthened. On headings with an 
easterly component the deviation is westerly, and on headings with a westerly 
component the deviation is easterly. In each case the maximum occurs when the 
vessel is on compass heading approximately-east or west. Thus, the deviation due to 
induced magnetism in vertical soft iron is semicircular, coefficient B. In figure 720 
the headings shown on the compass card are the magnetic headings of the vessel. 
Their offset from the lubber’s line shows the direction and relative magnitude of 
deviation. 

The deviating force due to induced magnetism in vertical soft iron is neutral- 
ized by placing a bar of soft iron in a vertical position on the opposite side of the 
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Ficure 720.—Deviation due to induced magnetism in vertical soft iron if the resultant field is that of a 
blue pole on the center line aft of the compass. 


compass from the effective pole due to the field of the vessel. This piece of metal is 
called a Flinders bar, after Captain Matthew Flinders, RN (1774-1814), an English 
navigator and explorer who is generally given credit for discovering both the effect 
and method of adjustment (art. 111). Today, most binnacles for large ships provide a 
tube for insertion of a Flinders bar. The bar consists of various lengths of soft iron 
placed end to end; with the remainder of the tube being filled with spacers of 
nonmagnetic material, usually wood, brass, or aluminum. The standard Flinders 
bar is two inches in diameter and is divided into six sections, one each of 12, 6, 3, 
and 1% inches, and two of % inch. This permits use of any multiple of % inch to 24 
inches. All the iron pieces should be above the spacers in the tube, without a gap 
between pieces, the largest piece being on top. The upper end is then about two 
inches above the level of the compass card. For short lengths, one or more spacers 
should be omitted so that about “12 of the length of the bar is above the level of the 
compass card. 

The various pieces should be inserted in the tube carefully. If they are dropped, 
they may acquire some permanent magnetism. This reduces their effectiveness for 
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the purpose intended. Each piece should be tested from time to time to determine 
whether or not it has acquired permanent magnetism. This can be done by holding 
it vertical with one end east or west of the compass and very near the compass 
magnets, noting the reading of the compass, and then inverting the piece so that 
the ends are interchanged. If the reading differs, permanent magnetism has been 
acquired by the iron rod. The temporary change of reading while the rod is being 
inverted should be ignored. In making the test, one should be careful to place the 
rod in the same position relative to the compass before and after inversion. On an 
easterly or westerly heading the Flinders bar holder can be used. A small amount 
of permanent magnetism can be removed by holding the rod approximately parallel 
to the lines of force of the earth’s field, with the blue pole of the rod toward the 
north, and tapping one end of the rod gently with a hammer. Several alternate 
tests and treatments may be needed to make the rod magnetically neutral. If this 
process is not effective in removing the permanent magnetism, the rod should be 
heated to a dull red and allowed to cool slowly. 

An older type Flinders bar, rarely encountered with modern compasses, con- 
sists of a number of slender rods of equal length, the number of rods being varied 
rather than the length of a single rod. Another old system consists of using a single 
rod of fixed length, and varying its distance from the compass. 

721. Determination of Flinders bar length.—As indicated in articles 719 and 
720, coefficient B magnetism may be introduced both by permanent magnetism of 
the vessel and by induced magnetism in asymmetrical vertical soft iron. A problem 
thus arises as to what part of the deviation on headings magnetic east and west is 
due to each cause. If the vessel remains on an even keel at about the same 
magnetic latitude, adjustment can be made without this knowledge. However, satis- 
factory performance under all conditions requires separate adjustment for each 
cause. 

There are several possible solutions to this problem. The two sources can be 
separated by use of the fact that a change of magnetic latitude affects them 
differently. On the magnetic equator there is no vertical component of the earth’s 
magnetic field, and consequently no induced magnetism in vertical soft iron. There- 
fore, if the compass is adjusted on the magnetic equator, all coefficient B deviation 
is due to permanent magnetism, and is removed by the fore-and-aft magnets. After 
a considerable change of magnetic latitude, the deviation on a heading of magnetic 
east or west is again measured. By means of the curves of figure 721, A, the 
required amount of standard two-inch Flinders bar is determined. Accurate results 
will be obtained only if the vessel is magnetically the same at both latitudes. That 
is, a structural change, an alteration in the number or position of magnets or other 
devices used in the adjustment, magnetic treatment, etc., invalidates the measure- 
ment. After the required amount of Flinders bar has been inserted, some deviation 
may be present due to mutual induction among the various devices used for adjust- 
ment. This should be removed by means of the permanent magnets. Once the 
correct amount of Flinders bar has been installed, no change should be needed 
unless there is a substantial change in the amount or location of vertical soft iron, 
or unless the compass is relocated. 

This method is not always practical. If the correct length and location of 
Flinders bar for another vessel of similar construction and compass location have 
been determined previously, the same length can be used for the compass being 
adjusted. If a large change in magnetic latitude can be made without appreciable 
change of deviation on headings east and west, the amount of Flinders bar is 
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correct. If the deviation changes, readjustment is needed. By studying the structure 
of the vessel, an experienced compass adjuster may be able to make a reasonably 
accurate estimate of the length to use. 

In the absence of enough reliable information to permit a reasonably accurate 
determination of the correct length, the Flinders bar may be omitted entirely, and 
the deviation on east and west headings removed by means of the fore-and-aft 
permanent magnets. This is common practice for yachts, fishing vessels, and even 
for some coastal vessels which do not change magnetic latitude more than a few 
degrees. 

The correct length of Flinders bar can be determined by figure 721, B, if 
reliable data are available on the deviation occurring on magnetic east or west 
headings at two widely separated magnetic latitudes. The constant K is determined 
by computation, using the formula 


H. tan d.—H,; tan d, 
r 


Le —= Z 1 
in which: 


K =a constant proportional to the required length of Flinders bar. 

X =shielding factor, or the proportion of the earth’s field effective at the compass. 
Generally, it varies from about 0.7 to 1.0, averaging about 0.9 for compasses in 
exposed positions, and 0.8 for those surrounded by metal deck houses. 

H, =horizontal intensity of earth’s magnetic field at place of first deviation reading. 
H, =horizontal intensity of earth’s magnetic field at place of second deviation reading. 

d, =total deviation on heading magnetic east or west at place of first deviation reading. 

d, =total deviation on heading magnetic east or west at place of second deviation 
reading. 

Z, =vertical intensity of earth’s magnetic field at place of first deviation reading. 

Zz =vertical intensity of earth’s magnetic field at place of second deviation reading. 


The unit of intensity is the oerstead. 

The values of horizontal and vertical intensity (H and Z) can be obtained from 
charts 33 and 36, respectively, by dividing the values in gammas (art. 706) as shown 
on the charts by 100,000. 

The constant K represents a mass of vertical soft iron (the c rod) causing 
deviation. From the intersection of the curve of figure 721, B, and a horizontal line 
through the value of constant K, draw a vertical line to the bottom scale, which 
shows the required length of Flinders bar. 

If some length of Flinders bar was in place when the two deviation readings 
were made, enter the graph of figure 721, B, with this length and determine the 
corresponding value of K. Call this K, and that obtained by computation K;,. 
Algebraically add K, and K, to determine the value of K to use for finding the total 
length of Flinders bar required. If the Flinders bar is forward of the compass, K2 is 
negative (—), and if aft of the compass, K2 is positive (++). In the computation of Ko, 
both Z, and Z, are positive in north magnetic latitude and negative in south 
magnetic latitude. Also, di: and dz are positive if deviation is east on magnetic 
heading east in north latitude or magnetic heading west in south latitude. If either 
the heading or direction of the deviation is reversed, the sign of d, or dz is negative. 
If both are reversed, the sign is positive. If the value of K is negative, the Flinders 
bar should be installed forward of the compass, and if positive, it should be installed 
aft. 
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Figure 721.—Flinders bar curves: A, if deviation due to induced magnetism in vertical soft iron is 
known; B, if coefficient K is known. 


Example.—The deviation of a magnetic compass of a ship on heading magnetic 
east is 1°E in an area where H is 0.170 and Z is 0.539. It is 9°E in an area where H 
is 0.311 and Z is 0.260. The shielding factor is 0.8. 

Required.—The correct length of Flinders bar if (1) no Flinders bar is in place 
during observations, (2) six inches of Flinders bar is in place forward of the compass 
during observations. 


Solution.— 
0.311 x 0.15838 —0.170 x 0.01746 
(1) K,=0.8 
0.260 — 0.539 
= (—) 0.133 
ke= 0 


K= K,+K2=(—) 0.133 
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From figure 721, B, the correct amount of Flinders bar is 22 inches. Since the 
amount used must be a multiple of % inch, the amount to use is 21% inches. Since 
K is negative, the bar should be installed forward of the compass. 

(2) From figure 721, B, the value of Kz corresponding to six inches of Flinders 
bar is 0.009. The value is negative because the bar is forward of the compass. 
Therefore, K,+K2=(—)0.133+(—)0.009=(—)0.142. From figure 721, B, the total 
amount of Flinders bar required is 24 inches, which should be installed forward of 
the compass. 

Answers.—(1) 21% inches of Flinders bar installed forward of the compass, (2) 
24 inches of Flinders bar installed forward of the compass. 

When the length of Flinders bar is determined in this way, accurate results can 
be expected only if the vessel is magnetically unchanged between deviation read- 
ings. 

Lord Kelvin suggested the following rule for improving the adjustment for 
coefficient B if no better method is available: 

Remove the deviation observed on magnetic east or west headings by means of 
fore-and-aft B magnets when the vessel has arrived at places of weaker vertical 
magnetic field, and by means of Flinders bar when it has arrived at places of 
stronger vertical magnetic field, whether in the Northern or Southern Hemisphere. 

After a number of applications of this rule following alternate passage from 
weaker to stronger fields and then stronger to weaker fields, the amount of Flinders 
bar should be very nearly correct. 

722, Adjustment for deviation due to induced magnetism in symmetrical hori- 
zontal soft iron.—That part of horizontal soft iron which is symmetrically arranged 
with respect to the compass can be considered equivalent to two rods extending 
through the compass, one in a fore-and-aft direction (—a rod) and the other in an 
athwartship direction (—e rod). The deviation caused by both of these rods is 
quadrantal, but of opposite sign. If both rods were equally effective in causing 
deviation, they would cancel each other and no deviation would result on any 
heading. In most vessels, however, the athwartships iron dominates, and deviation 
due to all horizontal soft iron can generally be considered to be that which would 
result from a single (—) e rod. In figure 722a the deviation resulting from such a 
rod is shown for various magnetic headings in any latitude. There is no deviation 
on any cardinal heading, but the directive force is weakened on heading magnetic 
east or west. The maximum deviation occurs on intercardinal headings by compass, 
being easterly in the northeast and southwest quadrants, and westerly in the other 
two quadrants. This is coefficient D deviation. In figure 722a the headings shown on 
the compass card are the magnetic headings of the vessel. Their offset from the 
lubber’s line shows the direction and relative magnitude of deviation. 

The field causing this deviation is neutralized by installing two masses of soft 
iron abeam of the compass, on opposite sides and equidistant from its center. Such 
iron is usually in the form of hollow spheres or cylinders, called quadrantal correc- 
tors. These can be moved in or out in an athwartship direction along brackets on 
the sides of the binnacle. 

Quadrantal correctors act as (+) e parameters which neutralize the (—) e 
parameter of the athwartships iron. As shown in figure 722b, the portion of the 
corrector adjacent to the compass is always of opposite polarity to the deflecting 
force. The amount of the correction can be adjusted by moving the correctors 
toward or away from the compass card. If the inboard limit of travel is reached 
without fully removing the deviation, larger correctors are needed. If overcorrection - 
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Figure 722a.—Deviation caused by induced magnetism in symmetrical horizontal soft iron. 


occurs at the outboard limit, smaller correctors are needed. A single corrector can 
be used, but this produces an unbalanced field which is less desirable than a 
balanced one. In general, large correctors at a greater distance are preferable to 
small correctors close up because there is less mutual induction between the correc- 
tors if they are widely separated. In the rare case when quadrantal deviation is 
westerly on heading northeast (coefficient D is negative, the fore-and-aft horizontal 
soft iron predominating), the quadrantal correctors should be mounted fore-and-aft 
on the binnacle. 

Figure 722c shows the approximate amount of deviation correction to be expect- 
ed from correctors of various sizes, shapes and distance from the center of a 
standard U. S. Navy 74-inch compass. The data apply to either the athwartships or 
fore-and-aft position. 

Like the Flinders bar (art. 720), the guadrantal correctors should be handled 
carefully, and checked from time to time to see if they have acquired permanent 
magnetism. The test can be made by rotating each corrector through 180° without 
altering its distance from the center. If the compass heading changes, the correctors 
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FiGuRE 722b.—Adjustment for symmetrical horizontal soft iron. 


have acquired permanent magnetism which can be removed by tapping with a 
hammer when the blue pole is toward the north, or by removing the spheres, 
heating them to a dull red, and permitting them to cool slowly. 

723. Adjustment for deviation due to induced magnetism in asymmetrical 
horizontal soft iron.—If the horizontal soft iron is not arranged symmetrically with 
respect to the compass, resulting in an effective pole which is on neither the fore- 
and-aft nor athwartships axis through the compass, quadrantal deviation with its 
maximum values on cardinal headings (coefficient EF) results. Constant deviation 
(coefficient A) may also be used by this arrangement. Either coefficient E or A is 
due to a combination of parameters. 

For a centerline compass on a ship of conventional construction, any deviation 
due to induced magnetism in asymmetrical horizontal soft iron is small, and many 
installations make no provision for neutralizing the effect. However, some binnacles 
are provided with a pair of E-links, which are bars that can be attached to the side 
brackets to permit the quadrantal correctors to be slewed somewhat with respect to 
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FicureE 722c.—Effect of various quadrantal correctors. 


the compass. When this has been done, the horizontal axis through the correctors 
and the compass makes an angle with the athwartship axis of the compass. 

After a compass has been adjusted, any remaining constant deviation due to 
magnetic coefficient A is likely to be very small. If such deviation exists, its cause is 
likely to be chiefly mechanical. If a compass is used primarily for determining the 
heading (as a steering compass), all constant deviation can be removed by realign- 
ment of the binnacle so as to rotate the lubber’s line by the required amount. 
However, if a compass is to be used for observing bearings or azimuths, only the 
mechanical A-error should be removed in this manner. This is because such read- 
ings are taken on the face of the card itself, and are therefore not affected by 
misalignment of the lubber’s line. The two components of constant deviation can be 
separated in the following manner: Measure the deviation on various headings by 
means of bearings or azimuths (art. 1430). This includes only magnetic coefficient A. 
Then measure the deviation on various headings by means of the lubber’s line, 
comparing the heading by compass with the magnetic heading determined by 
pelorus or gyrocompass. This includes the combined effect of magnetic and mechan- 
ical coefficient A deviation. The difference between the two values is the mechani- 
cal coefficient A. For a properly adjusted compass the magnetic coefficient A 
deviation is so small that provision is not made for its removal. 

724. Heeling error.—All of the effects discussed previously refer to a vessel on 
an even keel. When the vessel heels, conditions are altered. Deviation which now 
appears or the change of deviation from that when the vessel was on an even keel, 
is called heeling error. For a constant angle of heel and a steady heading, this error 
remains essentially unchanged. However, it tends to increase as the heel becomes 
greater, and to reverse sign as the heel changes from one side to another. There- 
fore, if a vessel is rolling or pitching, the compass tends to oscillate. This increases 
the difficulty of reading the compass. 

The cause of heeling error is the displacement of the permanent and induced 
magnetic fields with respect to the compass. Figure 724 shows a vessel heeled to 
starboard on heading magnetic north or south, in north magnetic latitude. The 
vessel was constructed in north magnetic latitude. On an even keel the vertical 
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Ficure 724.—Effect of heel. 


parameter R of permanent magnetism for a centrally located compass is directly 
below the compass, with the blue pole nearer the compass. When the vessel is 
heeled as shown at A, the blue pole is to port of the compass, causing deviation 
toward that side. A vertical rod of soft iron below the compass (parameter k) exerts 
a similar influence, as shown at B. An athwartship horizontal rod through the 
compass has no deviating effect while the vessel is on an even keel, but when it 
heels as shown in figure 724, the vertical component of the earth’s field causes the 
port end to acquire a blue pole and the starboard end a red pole (parameter e), as 
shown at C. Each of the three causes shown in figure 724 results in a blue pole 
being established on the port or high side of the vessel. This causes the red north 
ends of the compass magnets to be attracted to this side. If the heading is magnetic 
north, the deviation is westerly, and if magnetic south, it is easterly. This effect is 
offset somewhat by the changed magnetic field surrounding the quadrantal correc- 
tors. On heading magnetic east or west, these components have no deviating effect, 
but the directive force of the compass is strengthened or weakened. When the vessel 
pitches, the effects described for north-south and east-west headings are reversed. 
On a heading other than a cardinal direction (magnetic) the effect is some combina- 
tion of the two. The magnetic situation varies not only with the heading, but also 
with the magnetic latitude and the magnetic history of the vessel. 

Although heeling error is due in part to permanent magnetism and in part to 
induced magnetism, the induced magnetism generally exerts the greater influence. 
The most effective method of neutralizing this effect would be to attack each 
parameter separately. This would require the placement of soft iron above the 
compass. Since this would not be a convenient arrangement, the condition is im- 
proved by placing a vertical permanent magnet, called a heeling magnet, centrally 
below the compass, and adjusting its height until the error is minimized. In north 
magnetic latitude, the red end is placed uppermost in most installations. As the 
vessel proceeds to lower magnetic latitudes, parameter R becomes less effective in 
producing deviation because of the stronger directive force due to the horizontal 
component of the earth’s magnetic field. Parameters k and e become weaker be- 
cause of decreased intensity of the vertical component of the earth’s field, and the 
strengthening of the horizontal component also reduces their effect. Therefore, the 
heeling magnet requires readjustment as the magnetic latitude changes. As the 
vessel approaches the magnetic equator, the heeling magnet should be lowered. 
After the vessel crosses the magnetic equator, it may be necessary to invert the 
heeling magnets, so that the opposite end is uppermost. A change in the setting of 
the heeling magnet may introduce deviation on headings of compass east or west 
because of altered induction between the heeling magnet and the Flinders bar. This 
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should be removed by means of the fore-and-aft (B) magnets in the trays below the 
compass. 

If adjustment for heeling error is made when the vessel is tied up or at anchor, 
it is best done by listing the vessel on a northerly or southerly heading, and 
adjusting the heeling magnet until the reading of the compass is restored to what it 
was before the vessel heeled. If the adjustment is made at sea, the vessel should be 
placed on a heading of compass north or south. If there is little rolling, the vessel 
can be listed and the compass reading restored, as at dockside. If the vessel rolls 
moderately on this heading, the heeling magnet should be placed at that height at 
which oscillation of the compass card is minimum. If the setting for minimum 
oscillation is different on north and south headings, the mean position should be 
used. Any yawing of the vessel should be considered when reading the compass 
under rolling conditions. 

The approximate position of the heeling magnet can be determined by means of 
an instrument known as a heeling adjuster or a vertical force instrument, a form 
of dip needle. This consists of a small magnet balanced about a horizontal axis by 
means of a small adjustable weight. A scale indicates the distance of the weight 
from the axis. The instrument is taken ashore and balanced at a place where the 
earth’s field is undisturbed, the magnet being in a magnetic north-south direction, 
approximately. The instrument is then taken aboard ship, the compass removed 
from its binnacle, and the heeling adjuster installed in its place. The weight is set 
to a distance equal to the distance determined ashore, multiplied by A, the shielding 
factor (art. 721). The heeling magnet is then moved up or down until the magnet of 
the instrument is level. This should be approximately the correct setting. This 
method is used principally when the listing of a vessel is difficult or impractical. 

725. Soft iron correctors and nearby magnets.—The soft iron correctors used in 
compass adjustment are near enough to the compass magnets and the magnets used 
in compass adjustment to be influenced by them. 

The Flinders bar acquires a certain amount of induced magnetism from the 
fields of the heeling magnet and the fore-and-aft (B) corrector magnets. The approx- 
imate amount of deviation caused by induced magnetism from the heeling magnet 
of a 74-inch compass when H=0.165 is shown in figure 725. Because of such 
induced magnetism, the “drop-in” method of determining the amount of Flinders 
bar is not accurate. By this method, Flinders bar lengths are added until the 
compass reading changes by the required amount. Better adjustment is achieved by 
using the required amount of Flinders bar and removing any remaining deviation 
on east-west headings by means of the fore-and-aft magnets. The principal reason 
that it is preferable to use a larger number of magnets at a distance from the 
compass than a smaller number near it, is that the former arrangement produces 
less induced magnetism in the Flinders bar and quadrantal correctors. If the 
Flinders bar length is changed, the deviation on headings of magnetic east and west 
should be checked, and any needed adjustment made by means of fore-and-aft 
magnets. When all correctors have been put in place, their positions relative to 
each other are constant. Therefore, the Flinders bar acts as a permanent magnet, 
and the resulting deviation is semicircular (coefficient B). The Flinders bar may 
also introduce a small amount of quadrantal deviation (coefficient D), its action 
being somewhat like that of a quadrantal corrector placed in the fore-and-aft axis of 
the compass. 

The quadrantal correctors acquire induced magnetism from the fields of the 
fore-and-aft (B) magnets, the athwartship (C) magnets, and the compass magnets. 
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FiGuRE 725.—Deviation due to inductive effect of heeling magnet on Flinders bar. 


The magnetism acquired from the B and C magnets is semicircular (coefficient B 
from the B magnets, and coefficient C from the C magnets), and that acquired from 
the field of the compass magnets is quadrantal (coefficient D). The semicircular 
deviation is minimized by keeping the B and C magnets as far away from the 
quadrantal correctors as practicable, and any deviation that does exist is removed 
by means of these magnets. The quadrantal deviation is removed by means of the 
quadrantal correctors themselves. The compass magnets of most modern compasses 
have little effect upon the quadrantal correctors. 

Because of the interaction between the various correctors, it is good practice to 
insert the required amount of Flinders bar, and to install the quadrantal correctors 
and heeling magnet at their approximate positions before adjusting the compass. If 
a radical change is subsequently made in any of these adjustments, the settings of 
the B and C magnets should be checked and altered if necessary. 


Analysis of Deviation 


726. Nature and purpose of analysis.—An analysis consists of determining the 
approximate value of each of the six coefficients, and studying the results. The 
purpose of the analysis is to give the compass adjuster’ an understanding of the 
magnetic properties of the vessel. This provides the basis for the approximate 
placement of the various correctors, and suggests possibilities for further refine- 
ment in the adjustment. Without an analysis, compass adjustment is a more-or-less 
mechanical process. Fewer mistakes are likely to be made by the person who 
understands the nature of the magnetic field he seeks to neutralize. 

727. The analysis.—The first step in an analysis is to record the deviation on 
each cardinal and intercardinal heading by the compass to be analyzed. For the 
purpose of analysis, easterly deviation is considered positive (+), and westerly 
deviation negative (—). Approximate values of the various coefficients are: 

Coefficient A—mean of deviation on all headings. 

Coefficient B—mean of deviation on headings 090° and 27 0°, with sign at 270° 
reversed. 
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Coefficient C—mean of deviation on headings 000° and 180°, with sign at 180° 
reversed. 


Coefficient D—mean of deviation on intercardinal headings, with signs at head- 
ings 135° and 815° reversed. 

Coefficient E—mean of deviation on cardinal headings, with signs at 090° and 
270° reversed. 

Coefficient J—change of deviation for a heel of 1° while the vessel heads 000° 
by compass. It is considered positive if the north end of the compass card is drawn 
toward the low side, and negative if toward the high side. 

Example.—A magnetic compass which has not been adjusted has deviation on 
cardinal and intercardinal compass headings as follows: 


Compass Devi- Compass Devi- 
heading ation heading ation 
000° 1°5W 180° 8°0E 
045° 34°0E 225° 1°5W 
090° 31°0E 270° 29°0W 
135° 13°5E 315° 36°0W 


On heading compass north the deviation is 18°5W when the vessel heels 10° to 
starboard. 
Required.—The approximate value of each coefficient. 


Solution.— 
—1°5434°204+31°0413°5+8°0—1°5—29°0—36°0 4 
A= =(+)2.3 
8 
31°0+29°0 3 
B= 14 v= (4+)380,0 
7 
= 1754.8, : 
C= =(—)4.8 
2 
34°0—13°5—1°5+36°0 : 
D= =(+)13.8 
4 
Bale —31°0+8°0+29°0 > 
4 
—18°5+41°5 
Joa ee ee (LS 2 


10 


Answers.—A (+) 2°3, B (+) 30°0, C (—4°8, D (+) 18°8, B+) 1d, J (—) 12. 
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On any compass heading (CH) the deviation (d) from each coefficient acting 
alone is: 

Coefficient A: dg,=A 

Coefficient B: dg=B sin CH 

Coefficient C: dg=C cos CH 

Coefficient D: dy=D sin 2CH 

Coefficient HL: dg=E cos 2CH 

Coefficient J: ds=J cos CH. 


For a vessel on an even keel, the total deviation on any compass heading is the 

algebraic sum of the deviation due to each of the first five coefficients: 
d=d,+d,+d.+dp+d,;=A+B sin CH+C cos CH+D sin 2CH+£ cos 2CH. 

For the compass of the example given above, the deviation due to each component, 

and the total, on various headings is: 


CH A B C D E d 
° ° ° ° ° ° ° 
000 Sea) 0. 0 —4, 8 0. 0 “poll 1h, a 
015 + 2.3 sess) —4.6 ar (i); @) sell, @ +13. 4 
030 ae Ze 8) +15. 0 —4, 2 ar le (0) as © +25. 7 
045 +2. 3 pelle 2 == Bb Bt +13. 8 0. 0 +33. 9 
060 Se + 26. 0 —2. 4 + 12.0 == (Gs Seilet: 
075 Tie aad = 28) O == Ilo 2 Sp One =k 0) +36. 0 
090 aipeens +30. 0 0. 0 0. 0 sak +31. 2 
105 +2.3 +29. 0 ap ll, 2 — O40 —i 0 +24. 6 
120 +2. 3 +26. 0 +2. 4 —12.0 ==={0) (65 ap lbeh 
135 +2. 3 ap Hills 74 = 3: 4 alo} ts) 0. 0 Fin ome: 
150 +2.3 +15. 0 +4, 2 14,0) +0. 6 Gael Obe 
165 +2. 3 piers +4. 6 =, 8) siaelen) +8. 8 
180 +2. 3 0. 0 +4. 8 0. 0 se Al +8. 2 
195 ar =—% o +4. 6 seas & Spal (a) trae O 
210 PZ Sl.) +4, 2 +12. 0 +0. 6 =4. I 
225 =o & == 7 +3. 4 =i LI eaHs te) 0. 0 =i, if 
240 +2. 3 =, 0 +2. 4 sul. 0 SUNG =, 9) 
255 +2.3 P1910) aes 24 + 6.9 Sik. 0 1G 
270 +2. 3 — 30. 0 0. 0 0. 0 =i, =S24Sh (8) 
285 +2. 3 = 719), =i, 2 =@, 8 =i, SH )0h (8) 
300 +2. 3 — 26. 0 —2.4 = 125) O56 Saheb // 
315 +2.3 PA YA 8p Ut == ll5}, is} 0. 0 30. tl 
330 +2. 3 iby, 0 —4, 2 = 72,0 +0. 6 — 28. 3 
345 +2. 3 = 8 == 5K) (0b Saal) sella 0 
L 


The various components and the total deviation are shown in graphical form in 
figure 727. Since the various coefficients are only approximated by the method 
given above, the curve of total deviation found in this way should not be expected to 
coincide exactly with a curve drawn from values found by measurement on the 
various headings. 

The shapes of the curves of figure 727 are typical of those of an unadjusted 
compass of a large steel ship. However, an analysis of the results indicates the 
following: 

Coefficient A is normally negligible. The presence of more than 2° of constant 
error indicates an abnormal condition which should be discovered and corrected. If 
the vessel has been in service for some time without major structural change, and 
no misalignment of the lubber’s line of the compass or the pelorus or gyrocompass 
used for measuring deviation has been noted previously, it is probable that a 
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Ficure 727.—Coefficients and total deviation of an unadjusted magnetic compass. 


mistake has been made in determining the azimuth or bearing used for establishing 
deviation. 

Coefficient EF is normally negligible for a compass located on the centerline of 
the vessel. This vessel has an excessive amount, which should be corrected by 
slewing the quadrantal correctors, using an E-link. 

Since deviation is east on heading 090° and west on 000°, it is probable that the 
blue pole of the vessel’s permanent field is on the port bow. 

The compass being unadjusted, no Flinders bar is in place, and the large B 
deviation on heading 090° is a combination of deviation from induced magnetism in 
vertical soft iron and that due to the permanent magnetism of the vessel. Since the 
deviation on heading 270° is nearly the same as that on 090°, but of opposite sign, 
adjustment on one of these headings should result in nearly correct adjustment on 
the other. Since some B and C deviation occurs on intercardinal headings, while no 
D deviation occurs on cardinal headings, adjustment for B and C should be made 


before that for final D adjustment. 
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A second analysis made after adjustment may reveal possibilities for further 
refinement in the adjustment. 

If heeling error is measured on any heading other than compass north or south, 
the value of coefficient J can be found by means of the formula: 


d=J cos CH 
converted to 
d 
J= 
cos CH 
or 
J=d sec CH. 


If HE is the total observed change of deviation (heeling error), and i is the angle of 
heel in degrees (for relatively small angles), the formula becomes 


HE sec CH 


1 
If heeling error is sought, the formula becomes 


HE=/i cos CH. 


Adjustment Procedure 


728. Preliminary steps.—Efficient and accurate adjustment is preceded by cer- 
tain preliminary steps best made while a vessel is moored or at anchor. 

The magnetic environment of the compass should be carefully inspected. Stray 
magnetic influences such as those caused by tools, direct current electric appliances, 
personal equipment (such as keys, pocketknives, or steel belt buckles), nylon cloth- 
ing etc., should be eliminated. Permanently installed equipment of magnetic mate- 
rial (such as cargo booms, boat davits, cranes, or guns) should be placed in the 
positions they normally occupy at sea. The degaussing coils should be secured by 
the reversing process (art. 743) if this has not already been done. 

The compass itself should be checked carefully for bubbles, and to be sure it is 
centered on the vertical axis of the binnacle. If it is, and the vessel is on an even 
keel, there is no change of reading as the heeling magnet is raised and lowered in 
its tube. An adjustment should be made to the gimbal rings if the compass is off 
center. There should be no play in the position of the compass once it is centered. 

The lubber’s line, too, should be checked to be sure it is in line with the 
longitudinal axis of the vessel. This can be done by sighting on the jackstaff if the 
compass is on the centerline. If it is not, a batten might be erected at a distance 
from the centerline equal to the distance from the center of the compass to the 
centerline. Another way is to determine the distance from the compass to the 
centerline and from this point to the jackstaff. The first distance divided by the 
second is the natural tangent of the angle at the compass between the line of sight 
to the jackstaff and the line of sight through the lubber’s line. If the compass is in 
an exposed position where bearings can be taken, and the true heading is known, 
the observed relative bearing of a distant object can be compared with that obtained 
by careful measurement on the chart. If the vessel is at anchor or underway, the. 
method explained in article 728 can be used. 
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If a pelorus or gyrocompass or repeater is to be used in determining deviation 
of the compass, its lubber’s line should be checked in the same manner, or by 
comparing a relative bearing of a distant object taken by two instruments, the 
lubber’s line of one having previously been checked. If a gyrocompass is to be used, 
it is checked to see that it is synchronized with a repeater. With accurate synchro- 
nization, any error in one will also be present in the other. The speed and latitude 
adjustments of the gyrocompass should be checked carefully. 

All devices to be used in the adjustment should be checked to see that they are 
on hand and in good condition. The trays for B and C permanent magnets, the 
quadrantal correctors, and heeling magnet should be checked for freedom of 
motion. The Flinders bar and quadrantal correctors should be checked for perma- 
nent magnetism. The correct amount of Flinders bar should be placed in its tube. 
The quadrantal correctors should be placed in their approximate positions, being 
centered if no better information is available. The heeling magnet is generally 
placed with the red end uppermost in north magnetic latitude, and the blue end 
uppermost in south magnetic latitude. If no better information is available, the 
heeling magnet should be placed near the bottom of the tube. 

Plans for the actual adjustment should be made carefully. A suitable time and 
location should be selected. If landmarks are to be used, suitable ones should be 
selected to provide the information desired. Areas of heavy traffic should be avoid- 
ed. If azimuths of the sun are to be used, a time should be selected when the sun 
will not be too high in the sky for suitable observation. A curve of magnetic 
azimuths (art. 731) should be made, and just before adjustment begins a comparing 
watch should be checked and set, if possible, to correct time. Local variation should 
be checked carefully, and corrected for date, if necessary. Any necessary recording 
and work forms should be made up. Each person to participate in the adjustment 
should be instructed regarding the general plan and his specific duties. 

729. Underway procedure.—When everything is in order and the vessel has 
arrived at its adjusting area, final adjustment can begin. Trim should be normal, 
and the vessel free from list, so that no heeling error is present. 

All adjustment headings should be magnetic. Compass headings can be used, 
but this results in a slight turn being required every time an adjustment is altered. 
Also, the coefficients are not completely separated unless the vessel is on magnetic 
headings. 

Turns to each new heading should be made slowly, swinging slightly beyond 
the desired heading before steadying on it. If steering is by gyro, the gyro error 
should be checked on each heading if time and facilities permit. The vessel should 
remain on each heading for at least two minutes before the deviation is determined 
or an adjustment made, to permit the compass card to come to rest and the 
magnetic condition of the vessel to become settled. If observations are made before 
the vessel’s magnetism becomes settled, the reading will be incorrect by an amount 
called the Gaussin error. 

Adjustments should be carried out in the correct order, as follows: 

1. Steady on magnetic heading 090° (or 270°) and adjust the fore-and-aft perma- 
nent magnets until the compass heading coincides with the magnetic heading, thus 
removing all coefficient B on this heading. Use magnets in pairs, from the bottom 
up, with the trays at the lowest point of travel. When overcorrection occurs, remove 
the two highest magnets and raise the trays until all deviation has been removed. If 
two magnets overcorrect, use a single magnet. It is not necessary to determine in 
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advance which direction the red ends should occupy, for a mistake will be immedi- 
ately apparent by an increase in the deviation. 

2. Steady on magnetic heading 180° (or 000°) and adjust the athwartship perma- 
nent magnets until the compass‘ heading coincides with the magnetic heading, thus 
removing all coefficient C on this heading. Use the same technique as in step 1. 

3. Steady on magnetic heading 270° (090° if 270° was used in step 1) and remove 
half the deviation with the fore-and-aft magnets. 

4. Steady on magnetic heading 000° (180° if 000° was used in step 2) and remove 
half the deviation with the athwartship magnets. 

5. Steady on any intercardinal magnetic heading and adjust the position of the 
quadrantal correctors until the compass heading coincides with the magnetic head- 
ing, thus removing all coefficient D on this heading. Leave the quadrantal correc- 
tors at equal distances from the compass. 

6. Steady on either intercardinal magnetic heading 90° from that used in step 5 
and remove half the deviation by adjusting the positions of the quadrantal correc- 
tors, leaving them at equal distances from the compass. © 

7. Secure all correctors in their final positions and record their number, size, 
positions, and orientation, as appropriate, on the bottom of the deviation table form 
(if a standard form such as that shown in fig. 710 is used). 

8. Swing ship for residual deviation. That is, determine the remaining deviation 
on a number of headings at approximately equal intervals. Every 15° is preferable, 
but if the maximum deviation is small, every 45° (cardinal and intercardinal head- 
ings) may suffice. 

9. If the vessel has degaussing, energize the degaussing coils and repeat the 
swing. 

10. Make a deviation table (art. 710) for each condition (degaussing off and on), 
giving values for headings at 15° intervals if the maximum deviation is large (more 
than about 2°), or at 45° intervals if the maximum deviation is small. Record values 
to the nearest half degree. 

If preferred, the adjustment may be started on a north or south heading, thus 
reversing steps 1 and 2 and also 8 and 4. 

With patience and skill, the readings can be made at exact headings. However, 
if some of the headings are off slightly during the Swing, this need not invalidate 
the results. The exact headings should be recorded, and the deviation determined 
for these values. The results can then be plotted on cross-section paper with the 
deviation being one coordinate and the heading the other. The deviation at each 
heading to be recorded can then be read from the curve. This is good practice even 
when readings are made at exact headings, for if any large errors have been made, 
the fact will be immediately apparent. Also, such a curve may be of assistance in 
making an analysis. If a reason cannot be found for any marked irregularity in the 
curve, readings might be made again at the headings involved. 

The deviation of all compasses aboard the vessel can be determined from a 
single swing if the heading by each compass is recorded at the moment the magnet- 
ic direction is noted. If deviation of one compass is determined by means of a 
magnetic bearing or azimuth (art. 733), the readings of this compass can then be 
used to establish the magnetic headings for determining the deviation of each other 
compass (art. 732). 

Compass adjustment is best made when the sea is relatively smooth, so that. 
steady headings can be steered, and heeling error is absent. The setting of the 
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heeling magnet can be checked later, preferably at the next time that the vessel is 
on a north or south heading and rolling moderately. 

An analysis of deviation can be made either before or after adjustment. If this 
reveals an excessive amount of A (constant) deviation, the source of the error 
should be found and corrected (art. 723), if mechanical or mathematical. If an 
appreciable amount of # deviation is present, E-links should be used and the 
spheres slewed. This is particularly to be anticipated for compasses which are not 
on the centerline. 

The procedure outlined above is for initial adjustment aboard a new or radical- 
ly modified vessel. Deviation on the heading being used for navigation should be 
checked from time to time and any important differences from the values shown on 
the deviation table should be investigated. At sea, it is good practice to compare the 
magnetic and gyrocompasses at intervals not exceeding half an hour. The error of 
one or both of these compasses should be checked twice a day when means are 
available. In pilot waters deviation checks should be made as convenient opportuni- 
ties present themselves. 

Whenever there is reason to question the accuracy of the deviation table, the 
ship should be swung at the first opportunity and a new table made up if there are 
significant changes in the old one. Suitable occasions for swinging ship would be 
after a deviation check indicates a significant error or after any event that might 
result in changes in the magnetic field of the vessel (art. 712). Intervals of swing 
should not exceed three months even when there is no reason to question the 
accuracy of the deviation table. 

If a swing indicates the presence of large maximum deviation, the compass 
should be readjusted. Unless there is reason to change it, the Flinders bar length 
should remain the same. Other adjustments are altered as needed, none of the 
correctors being removed at the beginning of adjustment. Whenever the vessel 
crosses the magnetic equator, the opportunity should be used to check the deviation 
on magnetic headings east and west. Any adjustment needed should be made by 
means of the fore-and-aft (B) magnets. Upon crossing the magnetic equator, the 
heeling magnet should be inverted. 

The Flinders bar and quadrantal correctors should be checked for permanent 
magnetism at intervals of about a year, or more often if such magnetism is suspect- 
ed. 


Finding the Deviation 


730. Placing a vessel on a desired magnetic heading.—As indicated in article 
729 compass adjustment is best made with the vessel on magnetic headings. The 
compass being adjusted cannot be used for placing the vessel on a desired magnetic 
heading because its deviation is unknown, and is subject to change during the 
process of adjustment. A number of methods are available, including use of (1) 
another magnetic compass of known deviation, (2) a gyrocompass, (3) bearing of a 
distant object, and (4) azimuth (art. 1430) of a celestial body. 

Magnetic compass. The deviation at the desired magnetic heading is deter- 
mined from the deviation table for that compass, and applied to the magnetic 
heading to determine the equivalent compass heading. 

Example 1.—It is desired to place a vessel on magnetic heading east, using the 
standard compass. The deviation table for this compass is shown in figure 710. 
Degaussing is off. 

Required.—Heading per standard compass (psc). 
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Solution.—From figure 710 the deviation on heading 090° magnetic with de- 
gaussing off is found to be 2°5E. Therefore, the equivalent compass heading is 
090° — 2°5=087°5. 

Answer.—H ¢- 08775. . 

Gyrocompass. The variation is applied to the desired magnetic heading, to 
determine the equivalent true heading. Any gyro error is then applied to determine 
the equivalent gyro heading. This is the method commonly used by vessels equipped 
with a reliable gyrocompass. 

Example 2.—It is desired to place a vessel on magnetic heading north, using the 
gyrocompass. The variation in this area is 6°W, and the gyro error is 1°E. 

Required.—Heading per gyrocompass (pgc). 

Solution.—The equivalent true heading is 000°—6°=854°. The gyro heading is 
354° — 1° =853°. 

Answer.—H),, 358°. 

Bearing of distant object. If a vessel remains within a small area during 
compass adjustment, the bearing of a distant object is essentially constant. The 
required distance of the object in miles is found by multiplying the cotangent of the 
maximum tolerable error by the radius in miles of the maneuvering circle. Thus, if 
the maximum error that can be tolerated is 0°5 (cotangent 114.6), and the vessel 
can be maneuvered within 200 yards (0.1 mile) of a fixed position such as a buoy, 
the object selected should be at least 114.6X0.1=11.5 miles away. The 200-yard 
limit is within radial lines centered at the distant object and tangent to a circle 
having a radius of 200 yards and its center at the center of the maneuvering area. 
Thus, a vessel has considerable maneuvering space along the line of sight, but very 
limited room across this line. However, it is not necessary that the vessel stay 
within the required area, but only that it be there when readings are made. Thus, if 
the center of the area is marked by a buoy, the vessel might steady on each heading 
while still some distance away, and note the required readings as the buoy is 
passed. In this way, a small radius may be practical even for a large vessel. 

The object selected should be conspicuous and should have a clearly defined 
feature of small visible width upon which to observe bearings. The object having 
been selected, its true bearing from the center of the maneuvering area should be 
measured on the chart. To this, the variation at the center of the maneuvering area 
should be applied to determine the equivalent magnetic bearing. The desired mag- 
netic heading should be set at the lubber’s line of the pelorus, and the far vane set 
at the magnetic bearing of the distant object. The vessel should then be maneu- 
vered until the object is in line with the vanes. 

Example 3.—It is desired to place a vessel on magnetic heading northeast in an 
area where the variation is 4°E. The true bearing of a distant object is 219°. 

Required.—The setting of the pelorus. 

Solution.—Set 045° at the lubber’s line, and set the far vane at 219° = 4% =—21.5%. 

If preferred, 000° can be set at the lubber’s line, and the far vane at the relative 
bearing, 170° (magnetic bearing minus desired magnetic heading). If a gyro repeater 
or a magnetic compass is used instead of a pelorus, the true (or magnetic) bearing 
should be converted to the equivalent gyro (or compass) bearing. 

If the distant object selected is not charted, or the position of the vessel is not 
known accurately, the approximate magnetic bearing of the object can be deter- 
mined by measuring its compass bearing on each cardinal and intercardinal com- 
pass heading, and finding the mean of these readings. The value so determined will 
be incorrect by the amount of any constant deviation (coefficient A). 
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Example 4.—The compass bearings of a distant object are as shown below. 


Required.—The magnetic bearing of the object, assuming no constant deviation 
(coefficient A). 


Solution.— 

CH CB 
000 324.8 
045 320.7 
090 312.6 
135 306.8 
180 304.9 
225 310.8 
270 316.2 
315 320.0 
sum 2516.8 
mean 314.6 


Answer.—MB 314°6. 

Azimuth of celestial body. The true azimuth of the celestial body selected 
should be computed (art. 719, vol. II) for the time of observation. The magnetic 
variation should then be applied to determine the equivalent magnetic azimuth. 
The desired magnetic heading should then be set at the lubber’s line of the pelorus, 
and the far vane set at the magnetic azimuth of the celestial body. The vessel 
should then be maneuvered until the body is in line with the vanes. 

Example 5.—It is desired to place a vessel on magnetic heading west in an area 
where the variation is 17°W, and at a time when the computed true azimuth of the 
sun is 098°. 

Required.—The setting of the pelorus. 

Solution. —Set 270° at the lubber’s line, and set the far vane at 098° +17°=115°. 

If preferred, 000° can be set at the lubber’s line, and the far vane at the relative 
azimuth (magnetic azimuth minus desired magnetic heading). If a gyro repeater or 
a magnetic compass is used instead of a pelorus, the true (or magnetic) azimuth 
should be converted to the equivalent gyro (or compass) azimuth. 

731. Curve of magnetic azimuths.—During the course of compass adjustment 
and swinging ship, a magnetic direction is needed many times, either to place the 
vessel on desired magnetic headings or to determine the deviation of the compass 
being adjusted. If a celestial body is used to provide the magnetic reference, the 
azimuth is continually changing as the earth rotates on its axis. Frequent and 
numerous computations can be avoided by preparing, in advance, a table or curve 
of magnetic azimuths. True azimuths at frequent intervals are computed. The 
variation at the center of the maneuvering area is then applied to determine the 
equivalent magnetic azimuths. These are plotted on cross-section paper, with time 
as the other argument, using any convenient scale. A curve is then faired through 
the points. 

Points at intervals of half an hour (with a minimum of three) are usually 
sufficient unless the body is near the celestial meridian and relatively high in the 
sky, when additional points are needed. If the body crosses the celestial meridian, 
the direction of curvature of the line reverses. 

Unless extreme accuracy is required, the Greenwich hour angle and declination 
can be determined for the approximate midtime, the same value of declination used 
for all computations, and the Greenwich hour angle considered to increase 15° per 


hour. 
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An illustration of a curve of magnetic azimuths of the sun is shown in figure 
731. This curve is for the period 0700-0900 zone time on May 31, 1975, at latitude 
23°09'5N, longitude 82°24/1W. The variation in this area is 2°47’E. At the midtime, 
the meridian angle of the sun is 66°47/2E, and the declination is 21°52’3N. Azi- 
muths were computed by Pub. ‘No. 260 (art. 719, vol. II) at half-hour intervals, as 
follows: 


Magnetic 
Zone time Meridian angle Declination Latitude azimuth 
a ach 5 ° Aa 

0700 81 47.1E(5 27.1E) 21.9N 23.2N 069 39 
0730 74 17.1E (4 57.1E) 21.9N 23.2N 071 57 
0800 66 47.2E (4 27.1E) 21.9N 23.2N 074 06 
0830 59 17.2E (3 57.1E) 21.9N 23.2N 076 08 
0900 51 47.2E (8 27.1E) 21.9N 23.2N 078 07 


This curve was constructed on the assumption that the vessel would remain in 
approximately the same location during the period of adjustment and swing. If the 
position changes materially, this should be considered in the computation. 

732. Deviation by magnetic headings.—If the vessel is placed on a magnetic 
heading by any of the methods of article 730, compass deviation on that heading is 
the difference between the magnetic heading and the compass heading. If the 
compass heading is less than the magnetic heading, deviation is easterly, if the 
compass heading is greater than the magnetic heading, deviation is westerly. 

Example.—A vessel is being maneuvered to determine the deviation of the 
magnetic steering compass on cardinal and intercardinal headings. The gyrocom- 
pass, which has an error of 0°5W, is used for placing the vessel on each of the 
magnetic headings. Variation in the area is 27°5E. 

Required.—Deviation on each magnetic heading, using the compass headings 
given below: 

Solution.— 


MH V TH GE Hpge CH Dev. 


° ° ° ° ° ° 


000 27.5E 027.5 0.5W 028 000.3 0.3W 
045 27.5E 072.5 0.5W 073 046.1 1.1W 
090 27.5E 117.5 0.5W 118 093.6 3.6W 
135 27.5E 162.5 0.5W 163 136.7 1.7W 
180 27.5E 207.5 0.5W 208 179.6 0.4E 
225 27.5E 202.5 0.5W 253 223.8 1.2E 
270 27.5E 297.5 0.5W 298 266.5 3.5E 
315 27.5E 342.5 0.5W 343 313.2 1.8E 


733. Deviation by magnetic bearing or azimuth.—Deviation can be found by 
comparing a magnetic bearing or azimuth with one measured by compass. The 
magnetic direction can be obtained as explained in articles 730-731. If the compass 
direction is less than the magnetic direction, deviation is easterly; if the compass 
direction is greater than the magnetic direction, deviation is westerly. This method 
is used for determining deviation on a given compass heading. The equivalent 
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Figure 731.—Curve of magnetic azimuths. 
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magnetic heading can be determined by applying the deviation thus determined. If 
this method is used for swinging ship, the values can be plotted as explained in 
article 729. For a well-adjusted compass, the deviation may be so small that the 
compass headings can be considered magnetic headings, without introducing signifi- 
cant errors. . 

Example.—The standard compass of a vessel has been adjusted, and the vessel 
is to be swung for residual deviation during the period and for the place for which 
the curve of magnetic azimuths of figure 731 has been constructed. 

Required.—Find the deviation on each heading given below, at the times indi- 
cated. 

Solution.— 


CH Time CZn MZn Deviation 
° hits? ° ° ° 
000 7 35 20 073.2 072.4 0.8W 
045 ee ig 074.0 072.8 1.2W 
090 7 50 15 074.2 073.4 0.8W 
135 7 57 36 074.0 073.9 0.1W 
180 8 04 44 073.7 074.4 0.7E 
225 8 10 10 073.5 074.8 1.3E 
270 8 16 33 074.3 075.2 0.9K 
315 8 24 51 075.8 075.7 0.1W 


The magnetic azimuth (MZn) is determined from figure 731, and the deviation from 
compass azimuth (CZn) and magnetic azimuth. 

734. Deviation by a range is a special case of deviation by magnetic bearing. 
Two objects appearing in line, one behind the other, constitute a range. Range 
markers are established in many places to mark important channels, the extrem- 
ities of measured miles, etc. In addition, numerous good ranges occur naturally, as 
when a lighthouse is in line with a tank, or a tower with a chimney. The true 
direction of such a range can be determined by measurement on the chart, and 
variation applied to determine the equivalent magnetic direction. In the case of a 
natural range, the objects should preferably be at least an inch apart as they 
appear on the chart, to minimize any plotting errors. 

A range is superior to the bearing of a single object because it provides a 
critical indication of when the vessel is in the correct position to take a reading. 
The vessel crosses the range on various compass headings. At each crossing, the 
compass bearing of the range is observed, and also the compass heading. It is well 
to use two ranges nearly 90° apart, if available, because of the difficulty of crossing 
at small angles. 

Example.—A vessel maneuvering to adjust its compass in the Lower Bay of 
New York Harbor finds the true direction of the range between West Bank Light 
and Coney Island Light to be 032°. The variation in this area is 11°2 W. The vessel 
steams across the range on various compass headings, noting the compass direction 
of the range at the times of crossing, as shown below. 

Required.—The deviation on each compass heading indicated. 

Solution.—The magnetic bearing on the range is 032°+11°2=043°2. 
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CH MB Range CB Range Deviation 


° ° ° ° 


000 043.2 032.9 10.3E 
045 043.2 023.7 19.5E 
090 043.2 031.9 11.3E 
135 043.2 044.2 1.0W 
180 043.2 048.5 5.3W 
225 043.2 051.0 7.8W 
270 043.2 055.6 12.4W 
315 043.2 049.8 6.6W 


The analysis of these results (art. 727) indicates a constant error of 1°0E. The 
mean compass bearing is 042°2, differing from the correct magnetic bearing by the 
amount of constant error. 

Ranges are widely used to check the deviation on the heading in use as a vessel 
proceeds through pilot waters. In this manner several checks can be made without 
advance preparation as a vessel enters or leaves port. 

735. Deviation by reciprocal bearings.—Another method of using magnetic 
bearings is by means of a compass on the beach. This method is particularly useful 
when no suitable distant object or range is available, or where it may not be 
practical to remain close to a given bearing line. 

A reliable compass is taken ashore to a location which is free from magnetic 
disturbance. If the location is not marked by a conspicuous object, such as a beacon, 
flagpole, prominent tree, etc., a temporary marker should be erected. A staff with a 
flag or bunting should be adequate. The marker should be of sufficient size and 
nature to be conspicuous at the vessel. At suitable visual or radio signals from the 
vessel, bearings are observed simultaneously aboard the vessel and ashore. The 
bearings of the vessel observed by the shore compass are magnetic. The reciprocals 
of these can be considered magnetic bearings of the shore station from the vessel. 
The bearings measured aboard the vessel are compass bearings. The difference is 
deviation. To avoid confusion in the sequence of bearings, the time of each bearing 
is recorded. Timepieces should be synchronized before the start of observations. 

Example.—Simultaneous bearings are observed by a shore compass and the 
standard compass aboard a vessel, as shown below. 

Required.—The deviation of the standard compass on each heading. 

Solution.— 


MB of MB of shore CB of shore 


CH Time _ vessel position position Deviation 
000 = =8=61112 307 ile 137 10W 
045 1120 309 129 131 2W 
090 = #=©1126 312 132 130 2E 
135 1018 296 116 113 3E 
180 1029 295 115 109 6E 
225 1039 288 108 096 12E 
270 1052 288 108 1138 5W 
315 1104 289 109 115 6W 


mean 118 118 
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The analysis of these results indicates no constant deviation. This is further indicat- 
ed by the fact that the means of the bearings aboard and ashore are equal. 


Adjustment by Deflector 


736. Principles involved.—As indicated in article 713, the magnetic field of a 
vessel causes deviation of a magnetic compass, and also alters its directive force, 
strengthening it on some headings and weakening it on others. The purpose of 
compass adjustment is to neutralize the effect of the vessel’s magnetic field on the 
compass. If this is done completely, all deviation is removed, and the directive force 
is the same on all headings. The usual procedure, described earlier in this chapter, 
is to adjust by reducing or eliminating the deviation. By the deflector method, the 
various correctors are adjusted until the directive force is the same on all cardinal 
headings. Deviation is then a minimum. 

The relative directive force on various headings is determined by means of an 
instrument called a deflector. Actual measurement is of the setting of the instru- 
ment when the compass card has been rotated or “deflected” through 90° under 
certain standard conditions. The units are arbitrary “deflector units” which are 
used only for comparison with readings on other headings. 

The deflector method provides a quick adjustment with only four headings 
being needed, without need for bearings, azimuths, or comparison with other com- 
passes. It is easy to use. However, it is not as thorough as the method described in 
article 729, and should not be used when the usual method is available. The 
deflector method makes no provision for determination of coefficient A (art. 716), 
the amount of Flinders bar needed, the setting of the heeling magnet, or the 
residual deviation. Coefficient E can be determined, but is usually ignored. The 
method has never been popular in the United States. It offers little or no advantage 
for a vessel equipped with a reliable gyrocompass. 

737. Adjustment by deflector.—The preliminary steps of adjustment are the 
Same as indicated in article 728, omitting those relating to peloruses and other 
compasses. Preparations having been completed, the adjustment should be carried 
out as follows: 

1. Steady on heading 000° (or 180°) by the compass being adjusted. Note the 
heading by another compass and keep the vessel on this heading, steering by means 
of the second compass. Put the deflector in place over the first compass, and deflect 
the compass card 90°. Record the reading on the deflector scale, and remove the 
deflector. 

2. Steady on heading 090° (or 270°) by the compass being adjusted, and follow 
the procedure of step 1. 

3. Steady on heading 180° (000° if 180° was used in step 1) by the compass being 
adjusted, and determine the deflector reading by the procedure of step 1. Leave the 
deflector in place and set it to the mean of the readings on headings 000° and 180°. 
Adjust the fore-and-aft permanent magnets until the deflection is 90°. This corrects 
for coefficient B, and the deflector readings on compass headings 000° and 180° 
should now be the same. Remove the deflector. 

4. Steady on heading 270° (090° if 270° was used in step 2) by the compass being 
adjusted, and determine the deflector reading by the procedure of step 1. Leave the 
deflector in place and set it to the mean of the readings on headings 090° and 270°. 
Adjust the athwartship permanent magnets until the deflection is 90°. This corrects 
for coefficient C, and the deflector readings on compass headings 090° and 180° 
should now be the same. 
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5. Without changing the heading, set the deflector to the mean of the N-S and 
E-W means. Adjust the quadrantal correctors until the deflection is 90°. This 
corrects for coefficient D, and the deflector readings on all cardinal headings should 
be the same. Remove the deflector. 

Adjustment is now complete. It can be checked by repeating the five steps, a 
procedure which is particularly recommended if the difference between deflector 
readings on opposite headings is more than ten units. If means are available, and 
time permits, the vessel should be swung for residual deviation. If preferred, a 
heading of east or west can be used, reversing steps 1 and 2 and also steps 3 and 4. 

This method is particularly useful when a quick adjustment is needed following 
some change that affects the magnetic environment of the compass. 

738. The Kelvin deflector was developed in Great Britain by Sir William 
Thomson (Lord Kelvin). It consists essentially of two permanent magnets hinged 
like a pair of dividers, with opposite poles at the hinge. The magnets are mounted 
vertically over the center of the compass, with the hinged end on top. The separa- 
tion of the lower ends can be varied by means of a screw. The amount of separation, 
indicated by a scale and vernier drums, is the reading used in the adjustment. 

The deflecting force increases as the separation becomes greater. When the 
deflector is in place over the compass, the blue pole is in line with the north (red) 
end of the compass magnets, as indicated by a pointer. As the deflecting magnets 
are rotated around the vertical axis of the instrument, the compass card rotates in 
the same direction, but at a slower rate. The separation is adjusted until the 
rotation of the instrument is 170° when the deflection of the compass card is 90°. 
These are the standard conditions under which readings are made. 

The Kelvin type deflector provides adjustment to an accuracy Ole toro. 

739. The De Colong deflector was developed in Russia and provides an accura- 
cy of 0°5 to 1°0. Essentially, this instrument consists of two horizontal magnets 
which are perpendicular to each other. The small magnet is held in a fixed position 
close to the compass card. The large magnet is mounted in a small tray which can 
be moved up and down along a vertical spindle mounted over the center of the 
compass. The red end of this magnet is placed toward the north. When it is 
positioned so that the directive force is exactly neutralized, the small magnet causes 
the compass card to be deflected 90°. The height of the large magnet is the deflector 
reading, the scale being on the vertical spindle, and the index on the movable tray. 

Provision is made for mounting the large magnet vertically, to measure the 
vertical force of the magnetic field at the compass. A separate scale is provided for 
this purpose. Additional magnets are generally provided for use near the magnetic 
equator, where the vertical intensity is very small. 

In practice, a separate deflector is provided for each compass, and they are not 
interchangeable. By the addition of an auxiliary scale, the instrument could be 
made usable for any compass. 


Degaussing (Magnetic Silencing) Compensation 


740. Degaussing.—As indicated in article 712, a steel vessel has a certain 
amount of permanent magnetism in its “hard” iron, and induced magnetism in its 
“soft” iron. Whenever two or more magnetic fields occupy the same space, the total 
field is the vector sum (art. 118, vol. ID of the individual fields. Thus, within the 
effective region of the field of a vessel, the total field is the combined total of the 
earth’s field and that due to the vessel. Consequently, the field due to earth’s 
magnetism alone is altered or distorted due to the field of the vessel. This is 
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indicated by a tendency of the lines of force to crowd into the metal of the vessel 
(art. 703), as shown in figure 741a. 

Certain mines and other explosive devices are designed to be triggered by the 
magnetic influence of a vessel passing near them. It is therefore desirable to reduce 
to a practical minimum the magnetic field of a vessel. One method of doing this is 
to neutralize each component by means of an electromagnetic field produced by 
direct current of electricity in electric cables installed so as to form coils around the 
vessel. A unit sometimes used for measuring the strength of a magnetic field is the 
gauss. The reduction of the strength of a magnetic field decreases the number of 
gauss in that field. Hence, the process is one of degaussing the vessel. 

When a vessel’s degaussing coils are energized, the magnetic field of the vessel 
is completely altered. This introduces large deviation in the magnetic compasses. 
This is removed, as nearly as practicable, by introducing at each compass an equal 
and opposite force of the same type—one caused by direct current in a coil—for 
each component of the field due to the degaussing currents. This is called compass 
compensation. When there is a possibility of confusion with compass adjustment to 
neutralize the effects of the natural magnetism of the vessel, the expression de- 
gaussing compensation is used. Since the neutralization may not be perfect, a small 
amount of deviation due to degaussing may remain on certain headings. This is the 
reason for swinging ship twice—once with degaussing off and once with it on—and 
having two separate columns in the deviation table (fig. 710). 

741. A vessel’s magnetic signature.—A simplified diagram of the distortion of 
the earth’s magnetic field in the vicinity of a steel vessel is shown in figure 74la. 
The strength of the field is indicated by the spacing of the lines, being stronger as 
the lines are closer together. If a vessel passes over a device for detecting and 
recording the strength of the magnetic field, a certain pattern is traced, as shown in 
figure 741b. Since the magnetic field of each vessel is different, each has a distinc- 
tive trace, known as its magnetic signature. The simplified signature shown in 
figure 741b is one that might result from an uncomplicated field such as that shown 
in figure 741a. 


Figure 741a.—Simplified diagram of distortion of earth’s magnetic field in the vicinity of a steel vessel. 
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Figure 741b.—Simplified signature of vessel of figure 74la. 


Several degaussing stations have been established to determine magnetic signa- 
tures and recommend the currents needed in the various degaussing coils. Since a 
vessel’s induced magnetism varies with heading and magnetic latitude, the current 
settings of the coils which neutralize induced magnetism need to be changed to suit 
the conditions. A “degaussing folder” is provided each vessel to indicate the 
changes, and to give other pertinent information. 

A vessel’s permanent magnetism changes somewhat with time and the magnet- 
ic history of the vessel. Therefore, the information given in the degaussing folder 
should be checked from time to time by a return to the magnetic station. 

742. Degaussing coils.—For degaussing purposes, the total field of the vessel is 
divided into three components: (1) vertical, (2) horizontal fore-and-aft, and (3) hori- 
zontal athwartships. The positive directions are considered downward, forward, and 
to port, respectively. These are the normal directions for a vessel headed north or 
east in north latitude. Each component is opposed by a separate degaussing field 
just strong enough to neutralize it. Ideally, when this has been done, the earth’s 
field passes through the vessel smoothly and without distortion. The opposing 
degaussing fields are produced by direct current flowing in coils of wire. Each of the 
degaussing coils is placed so that the field it produces is directed to oppose one 
component of the ship’s field. 

The number of coils installed depends upon the magnetic characteristics of the 
vessel, and the degree of safety desired. The ship’s permanent and induced magne- 
tism may be neutralized separately so that control of induced magnetism can be 
varied as heading and latitude change, without disturbing the fields opposing the 
vessel’s permanent field. The principal coils employed are the following: 

Main (M) coil. The M-coil is placed horizontal, and completely encircles the 
vessel, usually at or near the waterline. Its function is to oppose the vertical 
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component of the vessel’s permanent and induced fields combined. Generally the 
induced field predominates. Current in the M-coil is varied or reversed according to 
the change of the induced component of the vertical field with latitude. 

Forecastle (F) and quarterdeck (Q) coils. The F- and Q-coils are placed horizontal 
just below the forward and after thirds (or quarters), respectively, of the weather 
deck. The designation “Q” for quarterdeck is reminiscent of the days before World 
War II when the “quarterdeck” of naval vessels was after along the ship’s quarter. 
These coils, in which current can be individually adjusted, remove much of the fore- 
and-aft component of the ship’s permanent and induced fields. More commonly, the 
combined F- and Q-coils consist of two parts; one part the FP- and QP-coils, to take 
care of the permanent fore-and-aft field, and the other part, the FI- and Q/-coils, to 
neutralize the induced fore-and-aft field. Generally, the forward and after coils of 
each type are connected in series, forming a split-coil installation and designated 
FP-PQ coils and FI-QJ coils. Current in the FP-QP coils is generally constant, but in 
the FI-QI coils is varied according to the heading and magnetic latitude of the 
vessel. In split-coil installations, the coil designations are often contracted to P-coil 
and J-coil. 

Longitudinal (L) coil. Better control of the fore-and-aft components, but at 
greater installation expense, is provided by placing a series of vertical, athwartships 
coils along the length of the ship. It is the field, not the coils, which is longitudinal. 
Current in an L-coil is varied as with the FI-QI coils. It is maximum on north and 
south headings, and zero on east and west headings. 

Athwartship (A) coil. The A-coil is in a vertical fore-and-aft plane, thus produc- 
ing a horizontal athwartship field which neutralizes the athwartship component of 
the vessel’s field. In most vessels, this component of the permanent field is small 
and can be ignored. Since the A-coil neutralizes the induced field, primarily, the 
current is changed with magnetic latitude and with heading, being maximum on 
east or west headings, and zero on north or south headings. 

The strength and direction of the current in each coil is indicated and adjusted 
at a control panel which is normally accessible to the navigator. Current may be 
controlled directly by rheostats at the control panel or remotely by push buttons 
which operate rheostats in the engine room. 

Since degaussing fields oppose the vessel’s fields, the positive directions of the 
degaussing fields are upward, aft, and to starboard. For positive fields in M, F, FU, 
FP, Q, QF, and QP coils, current flows forward on the starboard side of the vessel; 
and the north end of a small compass placed above any of these coils is deflected 
outboard. For a positive field in the L-coil, current flows upward on the starboard 
side, and the north end of a compass is deflected aft when placed below an upper, 
athwartship portion of the coil. For a positive field in the A-coil, current in the 
upper, fore-and-aft portion flows aft, and the north end of a compass is deflected to 
starboard when placed below this portion of the coil. The FI-QI coils are generally 
connected so that the field in the FYI-coil is negative when that in the Q/-coil is 
positive. 

Appropriate values of the current in each coil are determined at a degaussing 
station, the various currents being adjusted until the vessel’s signature is made as 
flat as possible. Recommended current values and directions for all headings and 
magnetic latitudes are set forth in the vessel’s degaussing folder. This document is 
normally retained by the navigator, whose responsibility it is to see that the 
recommended settings are maintained whenever the degaussing system is ener- 
gized. 
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743. Securing the degaussing system.— Unless the degaussing system is proper- 
ly secured, residual magnetism may remain in the metal of the vessel. During 
degaussing compensation and at other times, as recommended in the degaussing 
pa the “reversal”? method is used. The steps in the reversal process are as 
ollows: 


1. Start with maximum degaussing current used since the system was last 
energized. 


2. Decrease current to zero and increase it in the opposite direction to the same 
value as in step 1. 

3. Decrease the current to zero and increase it to three-fourths maximum value 
in the original direction. 

4. Decrease the current to zero and increase it to one-half maximum value in 
the opposite direction. 

5. Decrease the current to zero and increase it to one-fourth maximum value in 
the original direction. 

6. Decrease the current to zero and increase it to one-eighth maximum value in 
the opposite direction. 

7. Decrease the current to zero and open switch. 

744. Magnetic treatment of vessels.—In some instances, the degaussing can be 
made more effective by changing the magnetic characteristics of the vessel by a 
process known as deperming. Heavy cables are wound around the vessel in an 
athwartship direction, forming vertical loops around the longitudinal axis of the 
vessel. The loops are run beneath the keel, up the sides, and over the top of the 
weather deck at closely spaced equal intervals along the entire length of the vessel. 
Predetermined values of direct current are then passed through the coils. When the 
desired magnetic characteristics have been acquired, the cables are removed. 

A vessel which does not have degaussing coils, or which has a degaussing 
system which is inoperative, can be given some temporary protection by a process 
known as flashing. A horizontal coil is placed around the outside of the vessel and 
energized with large predetermined values of direct current. When the vessel has 
acquired a vertical field of permanent magnetism of the correct magnitude and 
polarity to reduce to a minimum the resultant field below the vessel for the 
particular magnetic latitude involved, the cabie is removed. This type protection is 
not as satisfactory as that provided by degaussing coils because it is not adjustable 
for various headings and magnetic latitudes, and also because the vessel’s magne- 
tism slowly readjusts itself following treatment. 

During magnetic treatment it is a wise precaution to remove all magnetic 
compasses and Flinders bars from the vessel. Permanent adjusting magnets and 
quadrantal correctors are not materially affected, and need not be removed. If for 
any reason it is impractical to remove a compass, the cables used for magnetic 
treatment should be kept as far as practical from it. 

745. Degaussing compensation.—The magnetic fields created by the degaussing 
coils would render the vessel’s magnetic compasses useless unless compensated. 
This is accomplished by subjecting the compass to compensating fields along three 
mutually perpendicular axes. These fields are provided by small compensating coils 
adjacent to the compass. In nearly all installations, one of these coils, the heeling 
coil, is horizontal and on the same plane as the compass card. Current in the 
heeling coil is adjusted until the vertical component of the total degaussing field is 
neutralized. The other compensating coils provide horizontal fields perpendicular to 
each other. Current is varied in these coils until their resultant field is equal and 
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opposite to the horizontal component of the degaussing field. In early installations, 
these horizontal fields were directed fore-and-aft and athwartships by placing the 
coils around the Flinders bar and the quadrantal spheres. Compactness and other 
advantages are gained by placing the coils on perpendicular axes extending 045°- 
225° and 315°-135° relative to the heading. A frequently used compensating installa- 
tion, called the type “K,” is shown in figure 745. It consists of a heeling coil 
extending completely around the top of the binnacle, four “intercardinal” coils, and 
three control boxes. The intercardinal coils are named for their positions relative to 
the compass when the vessel is on a heading of north, and also for the compass 
headings on which the current in the coils is adjusted to the correct amount for 
compensation. The NE-SW coils operate together as one set, and the NW-SE coils 
operate as another. One control box is provided for each set, and one for the heeling 
coil. 

The compass compensating coils are connected to the power supply of the 
degaussing coils, and the currents passing through the compensating coils are 
adjusted by series resistances so that the compensating field is equal to the degauss- 
ing field. Thus, a change in the degaussing currents is accompanied by a proportion- 
al change in the compensating currents. Each coil has a separate winding for each 
degaussing circuit it compensates. 

Degaussing compensation is carried out while the vessel is moored at the 
shipyard where the degaussing coils are installed. This is usually done by personnel 
of the yard, using the following procedure: 

1. The compass is removed from its binnacle and a dip needle is installed in its 
place. The M-coil and heeling coil are then energized, and the current in the 
heeling coil is adjusted until the dip needle indicates the correct value for the 
magnetic latitude of the vessel. The system is then secured by the reversing process. 

2. The compass is restored to its usual position in the binnacle. By means of 
auxiliary magnets, the compass card is deflected until the compass magnets are 
parallel to one of the compensating coils or set of coils used to produce a horizontal 
field. The compass magnets are then perpendicular to the field produced by that 
coil. One of the degaussing circuits producing a horizontal field, and its compensat- 
ing winding, are then energized, and the current in the compensating winding is 
adjusted until the compass reading returns to the value it had before the degauss- 
ing circuit was energized. The system is then secured by the reversing process. The 
process is repeated with each additional circuit used to create a horizontal field. 
The auxiliary magnets are then removed. 

3. The auxiliary magnets are placed so that the compass magnets are parallel 
to the other compensating coils or set of coils used to produce a horizontal field. The 
procedure of step 2 is then repeated for each circuit producing a horizontal field. 

When the vessel gets under way, it proceeds to a suitable maneuvering area. 
The vessel is then headed so that the compass magnets are parallel first to one 
compensating coil or set of coils and then the other, and any needed adjustment is 
made in the compensating circuits to reduce the error to a minimum. The vessel is 
then swung for residual deviation, first with degaussing off and then with degauss- 
ing on, and the correct current settings for each heading at the magnetic latitude of 
the vessel. From the values thus obtained, the “DG OFF” and “DG ON” columns of 
the deviation table (fig. 710) are filled in. If the results indicate satisfactory compen- 
sation, a record is made of the degaussing coil settings and the resistances, voltages, 
and currents in the compensating coil circuits. The control boxes are then secured. 
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Ficure 745.—Type “K” degaussing compensation 
installation. 


Under normal operating conditions, the settings need not be changed unless 
changes are made in the degaussing system, or unless an alteration is made in the 
amount of Flinders bar or the setting of the quadrantal correctors. However, it is 
possible for a ground to occur in the coils or control box if the circuits are not 
adequately protected from sea water or other moisture. If this occurs, it should be 
reflected by a change in deviation with degaussing on, or by a decreased installation 
resistance. Under these conditions, compensation should be carried out again. If the 
compass is to be needed with degaussing on before the ship can be returned to a 
shipyard where the compensation can be made by experienced personnel, the com- 
pensation should be made at sea on the actual headings needed, rather than by 
deflection of the compass needles by magnets. More complete information related to 
this process is given in the degaussing folder. 

If a vessel has been given magnetic treatment, its magnetic properties have 
been changed. This necessitates readjustment of each magnetic compass. This is 
best delayed for several days to permit stabilization of the magnetic characteristics 
of the vessel. If this cannot be delayed, the vessel should be swung again for 
residual deviation after a few days. Degaussing compensation should not be made 
until after compass adjustment has been completed. 
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Problems 
711a. Fill in the blanks in the following: 
TC V MC D CC CE 


(1) 105 15E — 5W — — 
(2) = — — 4 215 14E 
(3) = 12W — — 067 TW 
(4) 156 a 166 —= 160 _— 
(5) 222 — 216 3W = — 
(6) 009 — 357 — — 10E 
(7) 2 2W — 6E 015 — 
(8) a = 210 = 214 1W 


Answers.—(1) MC 090°, CC 095°, CE 10°E; (2) TC 229°, V 10°E, MC 219%; (3s TE 
060°, MC 072°, D 5°; (4) V 10°W, D 6°, CE 4°W; (5) V 6°E, CC 219°, CE BiH: (6)sV. 
12°E, D 2°W, CC 359°; (7) TC 019°, MC 021°, CE 4°E; (8) TC 2137,0V 4.3 Es DW 

711b. A vessel is on course 150° by compass in an area where the variation is 
19°E. The deviation is as shown in figure 710. Degaussing is on. 

Required.—(1) Deviation. 

(2) Compass error. 

(3) Magnetic heading. 

(4) True heading. 

Answers.—(1) D 1°E, (2) CE 20°E, (3) MH 151°, (4) TH 170°. 

711c. A vessel is on course 055° by gyro and 041° by magnetic compass. The 
gyro error is 1°W. The variation is 15°E. 

Required.—The deviation on this heading. 

Answer.—D 2°W. 

711d. A vessel is on course 177° by gyro. The gyro error is 0°5E. A beacon bears 
088° by magnetic compass in an area where variation is 11°W. The deviation is as 
shown in figure 710, degaussing off. 

Required.—The true bearing of the beacon. 

Answer.—TB 076°. 

721a. A magnetic compass is adjusted on the magnetic equator, without any 
Flinders bar being used. The residual deviation on heading 090° magnetic is 1°E. 
Some days later, at latitude 37°N, dip 70°, the deviation on heading 090° is 12°W. 

Required.—The length and location of Flinders bar required to restore a residu- 
al deviation of 1°E (using fig. 721, A) if the magnetic properties of the vessel are 
unchanged. 

Answer.—Fifteen inches of Flinders bar forward of the compass. 

721b. The deviation of a magnetic compass of a vessel on heading 270° magnetic 
is 2°E near Sydney, Australia (south magnetic latitude) and 12°W near Seattle, 
Wash. (north magnetic latitude). Near Sydney, H=0.258 and Z=0.51. Near Seattle, 
H=0.188 and Z=0.58. The shielding factor is 0.9. 

Required.—The length of Flinders bar to use if (1) no Flinders bar is in place 
during observations, (2) 12 inches of Flinders bar is in place forward of the compass 
during observations. 

Answers.—(1) 8% inches (8.5 inches by computation) of Flinders bar aft of the 
compass, (2) nine inches (8.8 inches by computation) of Flinders bar forward of the 
compass. 

727. A magnetic compass which has not been adjusted has deviation on cardinal 
and intercardinal compass headings as follows: 
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Compass heading Deviation Compass heading Deviation 
000 2.0E 180 6.0E 
045 20.5E 225 5.5W 
090 18.5E 270 22.0W 
135 8.0E 315 23.5W 


On heading compass north the deviation is 6°0W when the vessel heels 7° to 
starboard. 

Required.—(1) The approximate value of each coefficient. 

(2) The total deviation to be expected on compass heading 300°, with the vessel 
on an even keel. 

(3) Heeling error on compass heading 060°, with a heel of 10°. 

Answers.—(1) A (+)0°5, B (+)20°2, C (—)2°0, D (+)7°6, EF (+)2°9, J (—)171; (2) d 
26°0W; (8) HE 5°5. 

730a. It is desired to place a vessel on magnetic heading west, using the 
magnetic steering compass. The deviation table for this compass is shown in figure 
710. Degaussing is on. 

Required.—Heading per steering compass (p stg c). 

Answer.—H, stg ¢ 272°. 

730b. It is desired to place a vessel on magnetic heading south, using the gyro- 
compass. The variation in this area is 12°E, and the gyro error is 0°5E. 

Required.—Heading per gyrocompass. 

Answer.—Hp ge 191°5. 

730c. It is desired to place a vessel on magnetic heading southeast in an area 
where the variation is 6°W. The true bearing for a distant object is 047°. 

Required.—(1) The magnetic bearing of the object. 

(2) The relative bearing of the object when the vessel is on the desired magnetic 
heading. 

Answers.—(1) MB 053°, (2) RB 278°. 

730d. The compass bearings of a distant object are as follows: 


CH CB CH CB 
000 308 180 002 
045 357 225 006 
090 351 270 012 
135 353 315 009 


Required.—The magnetic bearing of the object, assuming no constant deviation 
(coefficient A). 

Answer.—MB 001’. ' 

730e. It is desired to place a vessel on magnetic heading east in an area where 
the variation is 13°E, and at a time when the computed true azimuth of the sun is 
218°. 
Required.—(1) The magnetic azimuth of the sun. 

(2) The relative azimuth when the vessel is on the desired magnetic heading. 

(3) The azimuth by a magnetic compass having deviation as shown in figure 710 
(DG on). ; 

(4) The azimuth by a gyrocompass having a gyro error of 1°W. 

Answers.—(1) MZn 205°, (2) RZn 115°, (3) CZn 202°, (4) Znpge 219°. 
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732. A vessel is being maneuvered to determine the residual deviation of a 
magnetic compass. The gyrocompass, which has an error of 1°E, is used for placing 
the vessel on the magnetic headings indicated below. Variation in the area is 7°8W. 
The following readings are obtained: 


MH CH MH CH 
000 000.0 180 180.1 
045 044.1 225 225.8 
090 088.5 270 271.4 
135 134.2 315 315.9 
Required.—Gyro heading and deviation on each magnetic heading. 
Answers.— 
MH As Dev. MH hehe Dev. 
000 351.2 0.0 180 WAL 0.1W 
045 036.2 0.9E 225 216.2 0.8W 
090 081.2 1.5E 270 261.2 1.4W 
135 126.2 0.8E 315 306.2 0.9W 


733. A vessel is being swung for residual deviation during the period and at the 
place for which the curve of magnetic azimuths of figure 731 has been constructed. 
The following readings are obtained: 


CH Time CZn CH Time CZn 
& h m s y h m s 2 
000 7 56 13 ut 180 8 16 36 to2 
045 8 01 22 72.9 Zo0 8 22 19 76.8 
090 8 04 55 71.9 270 Sees 718.7 
135 8 11 01 74.0 Sle Gh Bias GAY Tee 
Required.—Deviation on each compass heading. 
Answers.— 
Devi- Devi- 
CH ation CH ation 
000 0.1E 180 0.0 
045 1.3E 225 1.2W 
090 2.6E 270 2.8W 
135 0.9E 315 0.8W 


734. A vessel being swung for residual deviation crosses a range on various 
compass headings as indicated below, the compass bearing of the range being 
observed at each crossing. The true direction of the range is 255°. The variation in 
the vicinity is 24°5E. 


CH CB CH CB 

000 230.3 180 230.6 
045 228.7 225 232.4 
090 227.4 270 233.8 
135 228.0 315 232.3 


Required.—Deviation on each compass heading. 
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Answers.— 
CH Deviation CH Deviation 
000 0.2E 180 0.1W 
045 1.8E 225 1.9W 
090 3.1E 270 3.3W 
135 2.5E 315 1L.8W 


735. Bearings of a vessel are taken by means of a compass ashore, and simulta- 
neous bearings of the shore position are taken from the vessel, as follows: 


CB o CB o 
CH hae coon CH Here ve on 
position position 
000 020 198 180 003 184 
045 013 189 225 009 194 
090 004 174 270 013 204 
135 001 172 315 017 205 


Required.—(1) Deviation on each heading. 
(2) The value of coefficient A. 


Answers.— 
(1) 
Devi- Devi- 

CH ation CH ation 
000 2W 180 1E 
045 4W 225 5E 
090 10W 270 11E 
185 9W 315 8E 


(2) Coefficient A is zero. 


CHAPTER VIII 


DEAD RECKONING 


801. Introduction.—Dead reckoning (DR) is the determination of position by 
advancing a known position for courses and distances. It is reckoning relative to 
something stationary or “dead” in the water, and hence applies to courses and 
speeds through the water. Because of leeway due to wind, inaccurate allowance for 
compass error, imperfect steering, or error in measuring speed, the actual motion 
through the water is seldom determined with complete accuracy. In addition, if the 
water itself is in motion, the course and speed over the bottom differ from those 
through the water. It is good practice to use the true course steered and the best 
determination of measured speed, which is normally speed through the water, for 
dead reckoning. Hence, geographically, a dead reckoning position is an approxi- 
mate one which is corrected from time to time as the opportunity presents itself. 
Although of less than the desired accuracy, dead reckoning is the only method by 
which a position can be determined at any time and therefore might be considered 
basic navigation, with all other methods only appendages to provide means for 
correcting the dead reckoning. The prudent navigator keeps his direction- and 
speed- or distance-measuring instruments in top condition and accurately calibrat- 
ed, for his dead reckoning is no more accurate than his measurement of these 
elements. 

If a navigator can accurately assess the disturbing elements introducing geo- 
graphical errors into his dead reckoning, he can determine a better position than 
that established by dead reckoning alone. This is properly called an estimated 
position (EP). It may be established either by applying an estimated correction to a 
dead reckoning position, or by estimating the course and speed being made good 
over the bottom. The expression “dead reckoning” is sometimes applied loosely to 
such reckoning, but it is better practice to keep this “estimated reckoning” distinct 
from dead reckoning, if for no other reason than to provide a basis for evaluating 
the accuracy of one’s estimates. When good information regarding current, wind, 
etc., is available, it should be used, but the practice of applying corrections based 
upon information of uncertain accuracy is, at best, questionable, and may introduce 
an error. Estimates should be based upon judgment and experience. Positional 
information which is incomplete or of uncertain accuracy may be available to assist 
in making the estimate. However, before adequate experience is gained, one should 
be cautious in applying corrections, for the estimates of the inexperienced are often 
quite inaccurate. 

Dead reckoning not only provides means for continuously establishing an ap- 
proximate position, but also is of assistance in determining times of sunrise and 
sunset, the celestial bodies available for observation, the predicted availability of 
electronic aids to navigation, the suitability and interpretation of soundings for 
checking position, the predicted times of making landfalls or sighting lights, esti- 
mates of arrival times, and in evaluating the reliability and accuracy of position- 
determining information. Because of the importance of accurate dead reckoning, a 
careful log is kept of all courses and speeds, times of all changes, and compass 
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errors. These may be recorded directly in the log or first in a navigator’s notebook 
for later recording in the log, but whatever the form, a careful record is important. 

Modern navigators almost invariably keep their dead reckoning by plotting 
directly on the chart or plotting sheet, drawing lines to represent the direction and 
distance of travel and indicating dead reckoning and estimated positions from time 
to time. This method is simple and direct. Large errors are often apparent as 
inconsistencies in an otherwise regular plot. Before the advent of power vessels, 
when frequent course and speed changes were common, and when charts were 
sometimes of questionable accuracy, it was common practice to keep the dead 
reckoning mathematically by one, or a combination, of the “sailings” (chapter IX). 
Except for great-circle sailing, and occasionally composite and Mercator sailings, 
these are of little more than historical interest to modern navigators, other than 
those of small boats. 

In determining distance run in a given time, one may find table 19 useful. 

802. Plotting position on the chart.—A position is usually expressed in units of 
latitude and longitude, generally to the nearest 0/1, but it may be expressed as 
bearing and distance from a known position, such as a landmark or aid to naviga- 
tion. 

To plot a position on a Mercator chart, or to determine the coordinates of a 
point on such a chart, proceed as follows: 

To plot a position when its latitude and longitude are known: Mark the given 
latitude on a convenient latitude scale along a meridian, being careful to note the 
unit of the smallest division on the scale. Place a straightedge at this point and 
parallel to a parallel of latitude (perpendicular to a meridian). Holding the straight- 
edge in place, set one point of a pair of dividers at the given longitude on the 
longitude scale at the top or bottom of the chart (or along any parallel) and the 
other at a convenient printed meridian. Without changing the spread of the divid- 
ers, place one point on the same printed meridian at the edge of the straightedge, 
and the second point at the edge of the straightedge in the direction of the given 
longitude. This second point is at the given position. Lightly prick the chart. 
Remove first the straightedge and then the dividers, watching the point to be sure 
of identifying it. Make a dot at the point, enclose it with a small circle or square as 
appropriate (art. 805), and label it. If the dividers are set to the correct spread for 
longitude before the latitude is marked, one point of the dividers can be used to 
locate the latitude and place the straightedge, if one is careful not to disturb the 
setting of the dividers. 

To determine the coordinates of a point on the chart: Place a straightedge at the 
given point and parallel to a parallel of latitude. Read the latitude where the 
straightedge crosses a latitude scale. Keeping the straightedge in place, set one leg 
of a pair of dividers at the given point and the other at the intersection of the 
straightedge and a convenient printed meridian. Without changing the spread of 
the dividers, place one end on a longitude scale, at the same printed meridian, and 
the other point on the scale, in the direction of the given point. Read the longitude 
at this second point. 

Several variations of these procedures may suggest themselves. That method 
which seems most natural and is least likely to result in error should be used. 

803. Measuring direction on the chart.—Since the Mercator chart, commonly 
used by the marine navigator, is conformal (art. 302), directions and angles are 
correctly represented. It is customary to orient the chart with 000° (north) at the 
top; other directions are in their correct relations to north and each other. 
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As an aid in measuring direction, compass roses are placed at convenient 
places on the chart or plotting sheet. A desired direction can be measured by 
placing a straightedge along the line from the center of a compass rose to the 
circular graduation representing the desired direction. The straightedge is then in 
the desired direction, which may be transferred to any other part of the chart by 
parallel motion, as by parallel rulers or two triangles (art. 603). The direction 
between two points is determined by transferring that direction to a compass rose. 
If a drafting machine (art. 606) or some form of plotter (art. 605) or protractor (art. 
604) is used, measurement can be made directly at the desired point, without using 
the compass rose. 

Measurement of direction, whether or not by compass rose, can be made at any 
convenient place on a Mercator chart, since meridians are parallel to each other 
and a line making a desired angle with any one makes the same angle with all 
others. Such a line is a rhumb line, the kind commonly used for course lines, except 
in polar regions. For direction on a chart having nonparallel meridians, measure- 
ment can be made at the meridian involved if the chart is conformal, or by special 
technique if it is not conformal. Explanation of the former is given in article 2511. 
The only nonconformal chart commonly used by navigators is the gnomonic, and 
instructions for measuring direction on this chart are usually given on the chart 
itself. 

Compass roses for both true and magnetic directions may be given. A drafting 
machine can be oriented to any reference direction—true, magnetic, compass, or 
grid. When a plotter or protractor is used for measuring an angle with respect to a 
meridian, the resulting direction is true unless other than true meridians are used. 
For most purposes of navigation it is good practice to plot true directions only, and 
to label them in true coordinates. 

804. Measuring distance on the chart.—The length of a line on a chart is 
usually measured in nautical miles, to the nearest 0.1 mile. For this purpose it is 
customary to use the latitude scale, considering 1 minute of latitude equal to 1 
nautical mile. The error introduced by this assumption is not great over distances 
normally measured. It is maximum near the equator or geographical poles. Near 
the equator a ship traveling 180 miles by measurement on the chart would cover 
only 179 miles over the earth. Near the poles a run of 220 miles by chart measure- 
ment would equal 221 miles over the earth. 

Since the latitude scale on a Mercator chart expands with increased latitude, 
measurement should be made at approximately the mid latitude. For a chart 
covering a relatively small area, such as a harbor chart, this precaution is not 
important because of the slight difference in scale over the chart. On such charts a 
separate mile scale may be given, and it may safely be used over the entire chart. 
However, habit is strong, and mistakes can probably be avoided by always using the 
mid latitude. 

For long distances the line should be broken into a number of parts or legs, 
each one being measured at its mid latitude. The length of a line that should be 
measured in a single step varies with latitude, decreasing in higher latitudes. No 
realistic numerical value can be given, since there are too many considerations. 
With experience a navigator determines this for himself. On the larger scale charts 
this is not a problem because the usual dividers used for this purpose will not span 
an excessively long distance. 

In measuring distance, the navigator spans with his dividers the length of the 
line to be measured and then, without altering the setting, transfers this length to — 
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the latitude scale, carefully noting the graduations so as to avoid an error in 
reading. This precaution is needed because of the difference from chart to chart. In 
measuring a desired length along a line, the navigator spans this length on the 
latitude scale opposite the line and then transfers his dividers to the line, without 
changing the setting. For a long line the navigator sets his dividers to some 
convenient distance and steps off the line, counting the number of steps, multiply- 
ing this by the length of the step, and adding any remainder. If the line extends 
over a sufficient spread of latitude to make scale difference a factor, he resets his 
dividers to the scale for the approximate mid latitude of each leg. The distance so 
measured is the length of the rhumb line. 

For measuring distance on a nearly-constant-scale chart, such as the Lambert 
conformal, the mid-latitude precaution is usually unnecessary. Such charts general- 
ly have a mile scale independent of the latitude scale. On a gnomonic chart a 
special procedure is needed, and this is usually explained on the chart. 

805. Plotting and labeling the course line and positions.—Course is the intend- 
ed horizontal direction of travel through the water. A course line is a line extend- 
ing in the direction of the course. From a known position of the ship the course line 
is drawn in the direction indicated by the course. It is good practice to label all 
lines and points of significance as they are drawn, for an unlabeled line or point 
can easily be misinterpreted later. Any simple, clear, logical, unambiguous system 
of labels is suitable. The following is widely used and might well be considered 
standard. 

Label a course line with direction and speed. Above the course line place a 
capital C followed by three figures to indicate the course steered. It is customary to 
label and steer courses to the nearest whole degree, although they are generally 
computed to the nearest 0°1. The course label should indicate true direction, start- 
ing with 000° at true north and increasing clockwise through 360°. Below the course 
line, and under the direction label, place a capital S followed by figures represent- 
ing the speed in knots. Since the course is always given in degrees true and the 
speed in knots, it is not necessary to indicate the units or the reference direction 
(fig. 805). 


0800 C 095 0900 A. 
S15 o 
& 


Ficure 805.—A course line with labels. 


A point to be labeled is enclosed by a small circle in the case of a fix (an 
accurate position determined without reference to any former position), a semicircle 
in the case of a dead reckoning position, and by a small square in the case of an 
estimated position. It is labeled with the time, usually to the nearest minute; the 
nature of the position is indicated by the symbol used. Time is usually expressed in 
four figures without punctuation, on a 24-hour basis (art. 1810). Zone time (art. 
1814) is usually used, but Greenwich mean time (art. 1814) may be employed. A 
course line is a succession of an infinite number of dead reckoning positions. Only 
selected points are labeled. 

The times of fixes and estimated positions are placed horizontally; the times of 
dead reckoning positions are placed at an angle to the course line. 

806. Dead reckoning by plot.—As a vessel clears a harbor and proceeds out to 
sea, the navigator obtains one last good fix while identifiable landmarks are still 


264 DEAD RECKONING 


available. This is called taking departure, and the position determined is called the 
departure. Piloting (ch. X) comes to an end and the course is set for the open sea. 
The course line is drawn and labeled, and some future position is indicated as a DR 
position. The number of points selected for labeling depends primarily upon the 
judgment and individual preference of the navigator. It is good practice to label 
each point where a change of course or speed occurs. If such changes are frequent, 
no additional points need be labeled. With infrequent changes, it is good practice to 
label points at some regular interval, as every hour. From departure, the dead 
reckoning plot continues unbroken until a new well-established position is obtained, 
when both DR and fix are shown. The fix serves as the start of a new dead 
reckoning plot. Although estimated positions are shown, it is generally not good 
practice to begin a new DR at these points. 

A typical dead reckoning plot is shown in figure 806, indicating procedures both 
when there are numerous changes of course and speed and when there is a long 
continuous course. It is assumed that no fix is obtained after the initial one at 0800 
on September 8. Note that course lines are not extended beyond their limits of 
usefulness. One should keep a neat plot and leave no doubt as to the meaning of 
each line and marked point. A neat, accurate plot is the mark of a good navigator. 
The plot of the intended track (art. 207) should be kept extended to some future 
time. A good navigator is always ahead of his ship. In shoal water or when near the 
shore, aids to navigation, dangers, etc., it is customary to keep the dead reckoning 
plot on a chart. A chart overprinted with a lattice of a radionavigation system may 
be used. But on the open sea, with only dead reckoning and celestial navigation 
available, it is good practice to use a plotting sheet (art. 323). 

807. Current.—Water in essentially horizontal motion over the surface of the 
earth is called current. The direction in which the water is moving is called the set, 
and the speed is called the drift. In navigation it is customary to use the term 
“current” to include all factors introducing geographical error in the dead reckon- 
ing, whether their immediate effects are on the vessel or the water. When a fix is 
obtained, one assumes that the current has set from the DR position at the same 
time to the fix, and that the drift is equal to the distance in miles between these 
positions, divided by the number of hours since the last fix. This is true regardless 
of the number of changes of course or speed since the last fix. 

If set and drift since the last fix are known, or can be estimated, a better 
position can be obtained by applying a correction to that obtained by dead reckon- 
ing. This is conveniently done by drawing a straight line in the direction of the set 
for a distance equal to the drift multiplied by the number of hours since the last fix, 
as shown in figure 805. The direction of a straight line from the last fix to the EP is 
the estimated track made good, and the length of this line divided by the time is 
the estimated speed made good. The course and speed actually made good over the 
ground are called the course over the ground (COG) and speed over the ground 
(SOG), respectively. 

As shown in figure 805, the straight line drawn from the 0900 DR in the 
direction of the set is constructed as a broken line. The capital S above the line 
represents the set; the capital D below the line represents the drift. 

If a current is setting in the same direction as the course, or its reciprocal, the 
course over the ground is the same as that through the water. The effect on the 
speed can be found by simple arithmetic. If the course and set are in the same 
direction, the speeds are added; if in opposite directions, the smaller is subtracted 
from the larger. This situation is not unusual when a ship encounters a tidal _ 
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Ficure 806.—A typical dead reckoning plot. 


current while entering or leaving port. If a ship is crossing a current, solution can 
be made graphically by vector diagram (art. 118, vol. II) since velocity over the 
ground is the vector sum of velocity through the water and velocity of the water. 


Although distances can be used, it is generally easier to use speeds. 


Example 1.—A ship on course 080°, speed 10 knots, is steaming through a 


current having an estimated set of 140° and drift of 2 knots. 
Required.—Estimated track and speed made good. 


Solution (fig. 807a).—(1) From A, any convenient point, draw AB, the course 


and speed of the ship, in direction 080°, for a distance of 10 miles. 


cours 
need Through 


$ 
Track Made Good 089 
Speed Made Good 11.2 


Ficure 807a.—Finding track and speed made good through a current. 
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(2) From B draw BC, the set and drift of the current, in direction 140°, for a 
distance of 2 miles. 


(3) The direction and length of AC are the estimated track and speed made 
good. Determine these by measurement. 

Answers.—Estimated track made good 089°, estimated speed made good 11.2 kn. 

If it is required to find the course to steer at a given speed to make good a 
desired course, plot the current vector from the origin, A, instead of from B. 

Example 2.—The captain desires to make good a course of 095° through a 
current having a set of 170° and a drift of 2.5 knots, using a speed of 12 knots. 

Required.—The course to steer and the speed made good. 

Solution (fig. 807b).—(1) From A, any convenient point, draw line AB extending 
in the direction of the course to be made good, 095°. 

(2) From A draw AC, the set and drift of the current. 


(3) Using C as a center, swing an arc of radius CD, the speed through the water 
(12 knots), intersecting line AB at D. 


(4) Measure the direction of line CD, 083°5. This is the course to steer. 


(5) Measure the length AD, 12.4 knots. This is the speed made good. 
Answers.—Course to steer 083°5, speed made good 12.4 kn. 
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C. Speed Through Water 


Ficure 807b.—Finding the course to steer at a given speed to make good a given course through a 
current. 


If it is required to find the course to steer and the speed to use to make good a 
desired course and speed, proceed as follows: 

Example 3.—The captain desires to make good a course of 265° and a speed of 
15 knots through a current having a set of 185° and a drift of 3 knots. 

Required.—The course to steer and the speed to use. 

Solution (fig. 807c).—(1) From A, any convenient point, draw AB in the direc- 


tion of the course to be made good, 265°, and for length equal to the speed to be 
made good, 15 knots. 
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FicurE 807c.—Finding the course to steer and the speed to use to make good a given course and speed 
through a current. 


(2) From A draw AC, the set and drift of the current. 


(3) Draw a straight line from C to B. The direction of this line, 276°, is the 
required course to steer; and the length, 14.8 knots, is the required speed. 
Answers.—Course to steer 276°, speed to use 14.8 kn. 
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Such vector solutions can be made to any convenient scale and at any conven- 
ient place, such as the center of a compass rose, an unused corner of the plotting 
sheet, a separate sheet, or directly on the plot. 

808. Leeway is the leeward motion of a vessel due to wind. It may be expressed 
as distance, speed, or angular difference between course steered and course through 
the water. However expressed, its amount varies with the speed and relative 
direction of the wind, type of vessel, amount of freeboard, trim, speed of the vessel, 
state of the sea, and depth of water. If information on the amount of leeway to be 
expected under various conditions is not available for the type vessel involved, it 
should be determined by observation. When sufficient data have been collected, 
suitable tables or graphs can be made for quick and convenient estimate. The 
accuracy of the information should be checked whenever convenient, and correc- 
tions made when sufficient evidence indicates the need. 

Leeway is most conveniently applied by adding its effect to that of current and 
other elements introducing geographical error in the dead reckoning. It is custom- 
ary to consider the combined effect of all such elements as current, and to make 
allowance for this as explained in article 807. In sailing ship days it was common 
practice to consider leeway in terms of its effect upon the course only, and to apply 
it as a correction in the same manner that variation and deviation are applied. 
While this method has merit even with power vessels, it is generally considered 
inferior to that of considering leeway as part of current. 

809. Automatic dead reckoning.—Several types of devices are in use for per- 
forming automatically all or part of the dead reckoning. Perhaps the simplest is the 
automatic course recorder, which provides a graphical record of the various courses 
steered. In its usual form this device is controlled by the gyrocompass, and so 
indicates gyro courses. 

Dead reckoning equipment receives inputs from the compass, usually the gyro- 
compass, and a mechanical log or engine revolution counter. It determines change 
in latitude and longitude, the latter by first determining departure and then me- 
chanically multiplying this by the secant of the latitude. The device is provided 
with counters on which latitude and longitude can be set. As the vessel proceeds, 
the changes are then mechanically added to or subtracted from these readings to 
provide a continuous, instantaneous indication of the dead reckoning position. The 
navigator or an assistant reads these dials at intervals, usually each hour, and 
records the values in a notebook. Most models of dead reckoning equipment are 
provided, also, with a tracer for keeping a graphical record of dead reckoning in the 
form of a plot by moving a pencil or pen across a chart or plotting sheet. This part 
of the device is called a dead reckoning tracer. Whatever the form, dead reckoning 
equipment is a great convenience, particularly when a ship is maneuvering. Howev- 
er, such mechanical equipment is subject to possible failure. The prudent navigator 
keeps a hand plot and uses the dead reckoning equipment as a check. In navigation 
it is never wise to rely upon a single method if a second method is available as a 
check. ’ 

If it were possible to measure, with high accuracy, the direction and distance 
traveled with respect to the earth, an accurate geographical position could be known 
at all times. The two methods most commonly used are (1) doppler and (2) inertial. 
By the doppler method one or more beams of acoustic energy are directed down- 
ward at an angle. The return echo from the bottom is of a slightly different 
frequency due to the motion of the craft. The amount of the change, or doppler, is 
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proportional to the speed. By proper selection of beams, it is possible to measure 
speed in a lateral direction as well as in a forward direction. Distance can be 
determined by mechanical or electronic integration of these measurements, and this 
can be converted into position. By the inertial method, accelerometers measure the 
acceleration in various directions, and by double integration this is converted to 
distance, from which position can be determined. Either of these methods can 
provide considerable accuracy over a period of several hours, but the error increases 
with time. 


Problems 


806a. Draw a small area plotting sheet by either method explained in article 
324, covering the area between latitude 32°-34°N and longitude 118°-122°W. Plot 
the following points: 


A L 33°49/1N C L 33°38/0N 
A ~=-:120°52/0W A =: 118°388/6W 
B L 32°17'4N D L 32°30/6N 
A =: 121°28/0W A -:118°362W 


Required.—(1) The bearings of B, C, and D from A. 

(2) The course and distance of A, B, and C from D. 

Answers.—(1) Bas 198°5, Bac 09525, Bap (24% (2) Coa 304°, Dpa 138.8 mi., Cor 
264°5, Doz 145.7 mi., Coc 358°5, Dpc 67.2 mi. 


806b. Use the plot of problem 806a. A ship starts from A at 1200, and steams as 
follows: 


Time Course Speed 


1200 120°.) 15 kn. 
1330 240° 15 kn. 
1500 240° 17 kn. 
1800 125° 20 kn. 


2000 090° 20 kn. 
2300 015° +10 kn. 
0500 


Plot and label the dead reckoning course line and DR positions. 

Required.—(1) The dead reckoning position of the ship at 0500. 

(2) The bearing and distance of D from the 2300 DR position. 

(3) The course and distance from the 0500 DR position to C. 

(4) Estimated time of arrival (ETA), to the nearest minute, at C if the ship 
proceeds directly from the 0500 DR position at 20 knots. 

Answers.—(1) 0500 DR: L 33°351N, A 119°35/8W; (2) B 096°, D 66.0 mi. (3) C 
086°, D 48.1 mi.; (4) ETA 0724. 


807a. A ship on course 120°, speed 12 knots, is steaming through a current 
having a set of 350° and a drift of 1.5 knots. 

Required.—Track and speed made good. 

Answers.—Track made good 114°, speed made good 11.1 kn. 


807b. The captain desires to make good a course of 180° through a current 
having a set of 090° and a drift of 2 knots, using a speed of 11 knots. 

Required.—The course to steer and the speed made good. 

Answers.—Course to steer 190°5, speed made good 10.8 kn. 
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807c. The captain desires to make good a course of 325° and a speed of 20 knots 
through a current having a set of 270° and a drift of 1 knot. 

Required.—The course to steer and the speed to use. 

Answers.—Course to steer 327°, speed to use 19.4 kn. 


CHAPTER IX 


THE SAILINGS 


901. Introduction.—Dead reckoning involves the determination of position by 
means of course and distance from a known position. A closely related problem is 
that of finding the course and distance from one point to another. Although both of 
these problems are customarily solved by plotting directly on the chart, it occasion- 
ally becomes desirable to solve by computation, frequently by logarithms or tra- 
verse table (art. 1002, vol. II). The various methods of solution are collectively called 
the sailings. 

The various kinds of sailings are: 

1. Plane sailing is a method of solving the various problems involving a single 
course and distance, difference of latitude, and departure, in which the earth, or 
that part traversed, is regarded as a plane surface. Hence, the method provides 
solution for latitude of the point of arrival, but not for longitude of this point, one 
of the spherical sailings being needed for this problem. Because of the basic assump- 
tion that the earth is flat, this method should not be used for distances of more 
than a few hundred miles. 

2. Traverse sailing combines the plane sailing solutions when there are two or 
more courses. This sailing is a method of determining the equivalent course and 
distance made good by a vessel steaming along a series of rhumb lines. 

3. Parallel sailing is the interconversion of departure and difference of longi- 
tude when a vessel is proceeding due east or due west. This was a common 
occurrence when the sailings were first employed several hundred years ago, but 
only an incidental situation now. 

4. Middle- (or mid-) latitude sailing involves the use of the mid or mean 
latitude for converting departure to difference of longitude when the course is not 
due east or due west and it is assumed such course is steered at the mid latitude. 

5. Mercator sailing provides a mathematical solution of the plot as made on a 
Mercator chart. It is similar to plane sailing, but uses meridional difference and 
difference of longitude in place of difference of latitude and departure, respectively. 

6. Great-circle sailing involves the solution of courses, distances, and points 
along a great circle between two points, the earth being regarded as a sphere. 

7. Composite sailing is a modification of great-circle sailing to limit the maxi- 
mum latitude. 

The solutions of the sailings by computations are discussed in more detail in 
chapter X of volume II. 

902. Rhumb lines and great circles.—The principal advantage of a rhumb line 
is that it maintains constant true direction. A ship following the rhumb line 
between two places does not change true course. A rhumb line makes the same 
angle with all meridians it crosses and appears as a straight line on a Mercator 
chart. It is adequate for most purposes of navigation, bearing lines (except long 
ones, as those obtained by radio) and course lines both being plotted on a Mercator 
chart as rhumb lines, except in high latitudes. The equator and the meridians are _ 
great circles, but may be considered special cases of the rhumb line. For any other 
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case, the difference between the rhumb line and the great circle connecting two 
points increases (1) as the latitude increases, (2) as the difference of latitude be- 
tween the two points decreases, and (3) as the difference of longitude increases. It 
becomes very great for two places widely separated on the same parallel of latitude 
far from the equator. 

A great circle is the intersection of the surface of a sphere and a plane through 
the center of the sphere. It is the largest circle that can be drawn on the surface of 
the sphere, and is the shortest distance, along the surface, between any two points 
on the sphere. Any two points are connected by only one great circle unless the 
points are antipodal (180° apart on the earth), and then an infinite number of great 
circles passes through them. Thus, two points on the same meridian are not joined 
by any great circle other than the meridian, unless the two points are antipodal. If 
they are the poles, all meridians pass through them. Every great circle bisects 
every other great circle. Thus, except for the equator, every great circle lies half in 
the Northern Hemisphere and half in the Southern Hemisphere. Any two points 
180° apart on a great circle have the same latitude numerically, but contrary 
names, and are 180° apart in longitude. The point of greatest latitude is called the 
vertex. For each great circle there is one of these in each hemisphere, 180° apart. 
At these points the great circle is tangent to a parallel of latitude, and hence its 
direction is due east-west. On each side of these vertices the direction changes 
progressively until the intersection with the equator is reached, 90° away, where 
the great circle crosses the equator at an angle equal to the latitude of the vertex. 
As the great circle crosses the equator, its change in direction reverses, again 
approaching east-west, which it reaches at the next vertex. 

On a Mercator chart a great circle appears as a sine curve extending equal 
distances each side of the equator. The rhumb line connecting any two points of the 
great circle on the same side of the equator is a chord of the curve, being a straight 
line nearer the equator than the great circle. Along any intersecting meridian the 
great circle crosses at a higher latitude than the rhumb line. If the two points are 
on opposite sides of the equator, the direction of curvature of the great circle 
relative to the rhumb line changes at the equator. The rhumb line and great circle 
may intersect each other, and if the points are equal distances on each side of the 
equator, the intersection takes place at the equator. 

903. Great-circle sailing is used when it is desired to take advantage of the 
shorter distance along the great circle between two points, rather than to follow the 
longer rhumb line. The arc of the great circle between the points is called the great- 
circle track. If it could be followed exactly, the destination would be dead ahead 
throughout the voyage (assuming course and heading were the same). The rhumb 
line appears the more direct route on a Mercator chart because of chart distortion. 
The great circle crosses meridians at higher latitudes, where the distance between 
them is less. 

The decision as to whether or not to use great-circle sailing depends upon the 
conditions. The saving in distance should be worth the additional effort, and of 
course the great circle should not cross land, or carry the vessel into dangerous 
waters or excessively high latitudes. A slight departure from the great circle or a 
modification called composite sailing (art. 901) may effect a considerable saving over 
the rhumb line track without leading the vessel into danger. If a fix indicates the 
vessel is a considerable distance to one side of the great circle, the more desirable 
practice often is to determine a new great-circle track, rather than to return to the 


original one. 
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Since a great circle is continuously changing direction as one proceeds along it, 
no attempt is customarily made to follow it exactly, except in polar regions (ch. 
XXV). Rather, a number of points are selected along the great circle, and rhumb 
lines are followed from point tg point, taking advantage of the fact that for short 
distances a great circle and a rhumb line almost coincide. 

The number of points to use is a matter of personal preference, a large number 
of points providing closer approximation to the great circle but requiring more 
frequent change of course. As a general rule, each 5° of longitude is a convenient 
length. Legs of equal length are not provided in this way, but this is not objection- 
able under normal conditions. 

If a magnetic compass is used, the variation for the middle of the leg is usually 
used for the entire leg. 

The problems of great-circle sailing can be solved by (1) chart (art. 904), (2) 
computation (art. 1016, vol. II), (3) table (art. 905), (4) graphically, or (5) mechanical- 
ly. Of these, (4) and (5) are but graphical or mechanical solutions of (2). They 
usually provide solution only for initial course and the distance, and are not in 
common use. 

904. Great-circle sailing by chart.—Problems of great-circle sailing, like those 
of rhumb line sailing, are most easily solved by plotting directly on a chart. For this 
purpose the Defense Mapping Agency Hydrographic/Topographic Center publishes 
a number of charts on the gnomonic projection (art. 317), covering the principal 
navigable waters of the world. On this projection any straight line is a great circle, 
but since the chart is not conformal (art. 302), directions and distances cannot be 
measured directly, as on a Mercator chart. An indirect method is explained on each 
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Figure 904.—Transferring great-circle points from a gnomonic chart to a Mercator chart. 


THE SAILINGS Zo 


The usual method of using a gnomonic chart is to plot the great circle and, if it 
provides a satisfactory track, to determine a number of points along the track, 
using the latitude and longitude scales in the immediate vicinity of each point. 
These points are then transferred to a Mercator chart or plotting sheet and used as 
a succession of destinations to be reached by rhumb lines. The course and distance 
for each leg is determined by measurement on the Mercator chart or plotting sheet. 
This method is illustrated in figure 904, which shows a great circle plotted as a 
straight line on a gnomonic chart and a series of points transferred to a Mercator 
chart. The arrows represent corresponding points on the two charts. The points can 
be plotted directly on plotting sheets without the use of a small-scale chart, but the 
use of the chart provides a visual check to avoid large errors, and a visual indica- 
tion of the suitability of the track. 

Since gnomonic charts are normally used only because of their great-circle 
properties, they are often popularly called great-circle charts. 

A projection on which a straight line is approximately a great circle can be used 
in place of a gnomonic chart with negligible error. If such a projection is conformal, 
as in the case of the Lambert conformal (art. 314), measurement of course and 
distance of each leg can be made directly on the chart, as explained in article 2511. 

Some great circles are shown on pilot charts and certain other charts, together 
with the great-circle distances. Where tracks are recommended on charts or in 
sailing directions, it is good practice to follow such recommendations. 

905. Great-circle sailing by table-——Any method of solving the astronomical 
triangle of celestial navigation can be used for solving great-circle sailing problems. 
When such an adaptation is made, the point of departure replaces the assumed 
position of the observer, the destination replaces the geographical position of the 
body, difference of longitude replaces meridian angle or local hour angle, initial 
course angle replaces azimuth angle, and great-circle distance replaces zenith dis- 
tance (90°—altitude), as shown in figure 905. Therefore, any table of azimuths (Gf 
the entering values are meridian angle, declination, and latitude) can be used for 
determining initial great-circle course. Pubs. Nos. 214, 229, 249, 260, and 261 are 
examples of tables that can be used for this purpose. Tables which provide solution 
for altitude, such as Pubs. Nos. 214, 229, and 249, can be used for determining great- 
circle distance. The required distance is 90° —altitude (90° + negative altitudes). 

In inspection tables such as Pubs. Nos. 214, 229, 249, 260, and 261, the given 
combination of Li, Le, and DLo may not be tabulated. In this case reverse the name 
of Le and use 180°—DLo for entering the table. The required course angle is then 
180° minus the tabulated azimuth, and distance is 90° plus the altitude. If neither 
combination can be found, solution cannot be made by that method. By interchang- 
ing L, and Lz, oné can find the supplement of the final course angle. 

Solution by table often provides a rapid approximate check, but accurate re- 
sults usually require triple interpolation (art. 204, vol. II). Except for Pub. No. 229, 
inspection tables do not provide a solution for points along the great circle. Pub. No. 
229 provides solutions for these points only if interpolation is not required. 

906. Great-circle sailing by Pub. No. 229.—By entering Pub. No. 229 with the 
latitude of the point of departure as latitude, latitude of destination as declination, 
and difference of longitude as LHA, the tabular altitude and azimuth angle may be 
extracted and converted to great-circle distance and course. As in sight reduction, 
the tables are entered in accordance to whether the name of the latitude of the 
point of departure is the same as or contrary to the name of the latitude of the 
destination (declination). If after so entering the tables, the respondent values 
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Ficure 905.—Adapting the astronomical triangle to the navigational triangle of great-circle sailing. 


correspond to those of a celestial body above the celestial horizon, 90° minus the arc 
of the tabular altitude becomes the distance; the tabular azimuth angle becomes the 
initial great-circle course angle. If the respondents correspond to those of a celestial 
body below the celestial horizon, the arc of the tabular altitude plus 90° becomes 
the distance; the supplement of the tabular azimuth angle becomes the initial great- 
circle course angle. 

When the C-S Line is crossed in either direction, the altitude becomes negative; 
the body lies below the celestial horizon. For example: If the tables are entered with 
the LHA (DLo) at the bottom of a right-hand page and declination (L2) such that the 
respondents lie above the C-S Line, the C-S Line has been crossed. Then the 
distance is 90° plus the tabular altitude; the initial course angle is the supplement 
of the tabular azimuth angle. Similarly, if the tables are entered with the LHA 
(DLo) at the top of a right-hand page and the respondents are found below the C-S 
Line, the distance is 90° plus the tabular altitude; the initial course angle is the 
supplement of the tabular azimuth angle. If the tables are entered with the LHA 
(DLo) at the bottom of a right-hand page and the name of Ly is contrary to Li, the 
respondents are found in the column for L; on the facing page. In which case, the 
C-S Line has been crossed; the distance is 90° plus the tabular altitude; the initial 
course angle is the supplement of the tabular azimuth angle. } 
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Inspection of figures 2007a and 2007b reveals that the data in a latitude column 
are continuous with the data in the column for the same latitude on the facing 
page. 

The tabular azimuth angle, or its supplement, is prefixed N or S for the 
latitude of the point of departure and suffixed E or W depending upon the destina- 
tion being east or west of the point of departure. 

If all entering arguments are integral degrees, the distance and course angle 
are obtained directly from the tables without interpolation. If the latitude of the 
destination is nonintegral, interpolation for the additional minutes of latitude is 
done as in correcting altitude for any declination increment; if the latitude of 
departure or difference of longitude is nonintegral, the additional interpolation is 
done graphically. 

Since the latitude of destination becomes the declination entry, and all declina- 
tions appear on every page, the great-circle solution can always be extracted from 
the volume which covers the latitude of the point of departure. 

Example 1.—By Pub. No. 229 find the distance and initial great-circle course 
from lat. 32°S, long. 116°E to lat. 30°S, long. 31°E. 

Solution.—(1) Refer to figure 905. The point of departure (lat. 32°S, long. 116°E) 
replaces the AP of the observer; the destination (lat. 30°S, long. 31°E) replaces the 
GP of the celestial body; the difference of longitude (DLo 85°) replaces local hour 
angle (LHA) of the body. 

(2) The solution by Pub. No. 229 is effected by entering volume 3 with lat. 32° 
(Same Name), LHA 85°, and declination 30°. The respondents as so found corre- 
spond to those of a celestial body above the celestial horizon. Therefore, 90° minus 
the tabular altitude (90° —19°12/4=70°47/6) becomes the distance; the tabular azi- 
muth angle (S66°0W) becomes the initial great-circle course angle, prefixed S for 
the latitude of the point of departure and suffixed W due to the destination being 
west of the point of departure. 

Answers.—(1) D 4248 nautical miles 

C S66°0W 
(2) Cn 24670. 

Example 2.—By Pub. No. 229 find the distance and initial great-circle course 
from lat. 38°N, long. 122°W to lat. 24°S, long. 151°. 

Solution.—(1) Refer to figure 905. The point of departure (lat. 38°N, long. 
122°W) replaces the AP of the observer; the destination (lat. 24°S, long. 151°E) 
replaces the GP of the celestial body; the difference of longitude (DLo 87°) replaces 
local hour angle (LHA) of the body. 

(2) The solution by Pub. No. 229 is effected by entering volume 3 with lat. 38° 
(Contrary Name), LHA 87’, and declination 24°. The respondents as so found 
correspond to those of a celestial body below the celestial horizon. Therefore, the 
tabular altitude plus 90° (12°17°0+90° =102°17°0) becomes the distance; the supple- 
ment of tabular azimuth angle (180° —69°0=111°0) becomes the initial great-circle 
course angle, prefixed N for the latitude of the point of departure and suffixed W 
due to the destination being west of the point of departure. 

That the tabular data corresponds to a celestial body below the celestial horizon 
is indicated by the fact that the data is extracted from those tabulations across the 
C-S Line from the entering argument (LHA 85°). 

Answers.—(1) D 6187 nautical miles 

C N111°0W 
(2) Cn 249°. 
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Example 3.—By Pub. No. 229 find the distance and initial great-circle course 
from Fremantle (32°03’S, 115°45’E) to Durban (29°52’S, 31°04’E). 

Solution.—(1) Refer to figure 905. Since the latitude of the point of departure, 
the latitude of the destination, and the difference of longitude (DLo) between the 
point of departure and destination are not integral degrees, the solution is effected 
from an adjusted point of departure or assumed position of departure chosen as 
follows: the latitude of the assumed position (AP) is the integral degrees of latitude 
nearest to the point of departure; the longitude of the AP is chosen to provide 
integral degrees of DLo. This AP, which should be within 30’ of the longitude of the 
point of departure, is at latitude 32°S, longitude 116°04’E. The DLo is 85°. 

(2) Enter the tables with 32° as the latitude argument (Same Name), 85° as the 
LHA argument, and 29° as the declination argument. 

(3) From the tables extract the tabular altitude, altitude difference, and azi- 
muth angle; interpolate altitude and azimuth angle for declination increment. The 
Dec. Inc. is the minutes that the latitude of the destination is in excess of the 
integral degrees used as the declination argument. 


ht (Tab. Hc) d Z 
LHA 85°, Lat. 32° (Same), Dec. 29° 1Sc4524. «(1527/0 66°9 
Dec. Inc. 52’, d(+)27'0 Tens (+)17/3 
Units (+) 671 
Interpolated for Dec. Inc. 19°08/8 C S66°1W 
Initial great-circle course from AP Cn 24691 
Great-circle distance from AP(90°— 19°08’8) 4251.2 n.mi. 


(4) Using the graphical method for interpolating altitude for latitude and LHA 
increments, the course line is drawn from the AP in the direction of the initial 
great-circle course from the AP (24621). As shown in figure 906a, a line is drawn 
from the point of departure perpendicular to the initial great-circle course line or 
its extension. 

50° 


3253S 


Point of Departure 


20' 30’ 40’ 50’ 116°E ‘10’ 


FicurE 906a.—Graphical interpolation. 


(5) The required correction, in units of minutes of latitude, for the latitude and 
DLo increments is the length along the course line between the foot of the perpen- 
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dicular and the AP. The correction as applied to the distance from the AP is —15/8; 
the great-circle distance is 4235 nautical miles. 

(6) The azimuth angle interpolated for declination, LHA, and latitude incre- 
ments is S66°3W; the initial great-circle course from the point of departure is 246°3. 

Example 4.—By Pub. No. 229 find the distance and initial great-circle course 
from San Francisco (37°49'N, 122°25'W) to Gladstone (28°51’S, 151°15’E). 

Solution.—(1) Refer to figure 905. Since the latitude of the point of departure, 
the latitude of the destination, and the difference of longitude (DLo) between the 
point of departure and destination are not integral degrees, the solution is effected 
from an adjusted point of departure or assumed position of departure chosen as 
follows: the latitude of the assumed position (AP) is the integral degrees of latitude 
nearest to the point of departure; the longitude of the AP is chosen to provide 
integral degrees of DLo. This AP, which should be within 30’ of the longitude of the 
point of departure, is at latitude 38°N, longitude 122°45’W. The DLo is 86°. 

(2) Enter the tables with 38° as the latitude argument (Contrary Name), 86° as 
the LHA argument, and 23° as the declination argument. 

(3) From the tables extract the tabular altitude, altitude difference, and azi- 
muth angle; interpolate altitude for Dec. Inc. as if the altitude were positive, 
adhering strictly to the sign given d. After interpolation regard the results as 
negative. Subtract tabular azimuth angle from 180°; interpolate for Dec. Inc. 


ht(Tab. Hc) d Z 
LHA 86°, Lat. 38° (Contrary), Dec. 23° 10°57/0 = (+)85/9 69°3 
Dec. Inc. 51’, d(+)35‘9 Tens (+)25/5 180°—Z=110°7 
Units (+) 5/1 
Interpolated for Dec. Inc. (3911527. 6 C N111°4W 
Initial great-circle course from AP Cn 248°6 
Great-circle distance from AP (90° + 11°27‘6) 6087.6 n.mi. 


(4) Using the graphical method for interpolating altitude for latitude and LHA 
increments, the course line is drawn from the AP in the direction of the initial 
great-circle course from the AP (248°6). As shown in figure 906b, a line is drawn 
from the point of departure perpendicular to the course line or its extension. 


10’ 


38°N 


Point of Departure 


10’ 123°W 50’ 40’ 30’ 20’ 


Ficure 906b.—Graphical interpolation. 
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(5) The required additional correction, in units of minutes of latitude, for the 
latitude and DLo increments is the length along the course line between the foot of 
the perpendicular and the AP. The correction as applied to the distance from the 
AP is +107; the great-circle distance is 6098 nautical miles. 

(6) The azimuth angle interpolated for declination, LHA, and latitude incre- 
ments is 111°2; the initial great-circle course from the point of departure is 248°8. 

Example 5.—By Pub. No. 229 find the distance and initial great-circle course 
from Cabo Pilar (52°43’S, 74°41’W) to Wake Island (19°17'N , 166°39’E). 

Solution.—(1) Refer to figure 905. Since the latitude of the point of departure, 
the latitude of the destination, and the difference of longitude (DLo) between the 
point of departure and destination are not integral degrees, the solution is effected 
from an adjusted point of departure or assumed position of departure chosen as 
follows: the latitude of the assumed position (AP) is the integral degrees of latitude 
nearest to the point of departure; the longitude of the AP is chosen to provide 
integral degrees of DLo. This AP, which should be within 30’ of the longitude of the 
point of departure, is at latitude 53°S, longitude 74°21'W; the DLo is 119°. 

(2) Enter the tables with 53° as the latitude argument (Contrary Name), 119° as 
the LHA argument, and 19° as the declination argument. Since the tables are 
entered with the LHA (DLo) at the bottom of a right-hand page and the name of Lz 
is contrary to the name Li, the respondents are found in the column for L; on the 
facing page. In which case the C-S Line has been crossed, and the respondents 
correspond to those of a celestial body below the celestial horizon. 

(3) From the table, extract the tabular latitude, altitude difference, and azi- 
muth angle; interpolate altitude for Dec. Inc. as if the altitude were positive, 
adhering strictly to the sign given d. After interpolation regard the results as 
negative. Subtract tabular azimuth angle from 180°; interpolate for Dec. Inc. 


ht (Tab. He) d Z 
LHA 119°, Lat. 53° (Contrary), Dec. 19° 32°2472 (+)46/8 101°6 
Dec. Inc. 17’, d(+)47/1 Tens (+)11/3 180°—Z=S78°4W 
Units (+) 2/0 
Interpolated for Dec. Inc. (—)32°37/5 C S78°4W 
Initial great-circle course from AP Cn 258°4 
Great-circle distance from AP (90° + 32°37/5) 7357.5 n.mi. 


(4) Using the graphical method for interpolating altitude for latitude and LHA 
increments, the course line is drawn from the AP in the direction of the initial 
great-circle course from the AP (258°6). As shown in figure 906c a line is drawn 
from the point of departure perpendicular to the course line or its extension. 

(5) The required additional correction, in units of minutes of latitude, for the 
latitude and DLo increments is the length along the course line between the foot of 
the perpendicular and the AP. The correction as applied to the distance from the 
AP is —8/5; the great-circle distance is 7349 nautical miles. 

(6) The azimuth angle interpolated for declination, LHA, and latitude incre- 
ments is 79°1; the initial great-circle course from the point of departure is 259°1. 


Points Along Great Circle 


If, as in examples 1 and 2, the latitude of the point of departure and the initial 
great-circle course angle are integral degrees, points along the great circle are 
found by entering the tables with the latitude of departure as the latitude argu- 
ment (always Same Name), the initial great-circle course angle as the LHA argu- 
ment, and 90° minus distance to a point on the great circle as the declination 


THE SAILINGS 279 


Point of Departure 


3355 


75°W 30’ 74°W 
Figure 906c.—Graphical interpolation. 


argument. The latitude of the point on the great circle and the difference of 
longitude between that point and the point of departure are the tabular altitude 
and azimuth angle respondents, respectively. If, however, the respondents are ex- 
tracted from across the C-S Line, the tabular altitude corresponds to a latitude on 
the side of the equator opposite from that of the point of departure; the tabular 
azimuth angle is the supplement of the difference of longitude. 

Example 6.—Find a number of points along the great-circle from latitude 38°N, 
longitude 125°W when the initial great-circle course angle is N111°W. 

Solution.—(1) Entering the tables with latitude 38° (Same Name), LHA 111’, 
and with successive declinations of 85°, 80°, 7 5°. . . the latitudes and differences in 
longitude, from 125°W, are found as tabular altitudes and azimuth angles respec- 


tively: 


Distance n.mi. (are) 300(5°) 60010") 900(15°) 3600(60°) 4800(80°) 
Latitude 36°1N 33°9N 31°4N 3°6N 3.18 
DLo 5°8 11°73 16°5 54°1 61°5 

Longitude 130°8W 1386°3W 141°5W 179°1W 173°5E 


Example 7.—Find a number of points along the great-circle from latitude 38°N, 
long. 125°W when the initial great-circle course angle is N69°W. 

Solution.—Entering the tables with latitude 38° (Same Name), LHA 69°, and 
with successive declinations of 85°, 80°, 75° ... the latitudes and differences of longi- 
tude, from 125°W, are found as tabular altitudes and azimuth angles, respectively: 


3005) 600(10°) 900(15°) 6600110°) —7200(120°) 


Distance n.mi. (arc) 


Latitude 39°6N 40°9N 41°9N 3°1N 3-68 
DLo 621 12°4 18°9 118°5 125.9 
Longitude 131°1W 137°4W 143°9W 116°5E 109.1 


The latitude and difference of longitude of the point 6600 miles from the point 
of departure are found among the data for the latitude of departure continued on 
the facing page. Since the respondents for the point 7200 miles from the point of 
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departure are found across the C-S Line on the facing page, the tabular altitude 
corresponds to a latitude on the side of the equator opposite from that of the point 
of departure; the tabular azimuth angle is the supplement of the difference of 
longitude. 


Finding The Vertex 


The use of Pub. No. 229 to find the approximate position of the vertex of a 
great-circle track provides a rapid check on the solution by computation. This 
approximate solution is also useful for voyage planning purposes. 

Using the procedures for finding points along the great circle, the column of 
data for the latitude of the point of departure is inspected to find the maximum 
value of tabular altitude. This maximum tabular altitude and the tabular azimuth 
angle correspond to the latitude of the vertex and the difference of longitude of the 
vertex and the point of departure. 

Example 8.—Find the vertex of the great-circle track from lat. 38°N, long. 
125°W when the initial great-circle course angle is N69°W. 

Solution.—(1) Enter Pub. No. 229 with lat. 38° (Same Name), LHA 69°, and 
inspect the column for lat. 38° to find the maximum tabular altitude. 

(2) The maximum tabular altitude is found to be 42°38/1 at a distance of 1500 
nautical miles (90°—65°=25°) from the point of departure. The corresponding tabu- 
lar azimuth angle is 32°4. Therefore, the difference of longitude of vertex and point 
of departure is 32°4. 

Answers.—(1) Latitude of vertex 42°38/1N. 

(2) Longitude of vertex 157°4W. 

907. Altering a great-circle track to avoid obstructions.—Great-circle sailing 
cannot be used unless the great-circle track is free from obstructions. It does not 
start until one clears the harbor and takes his departure (art. 806), and often ends 
near the entrance to the destination. However, islands, points of land, or other 
obstructions may prevent the use of great-circle sailing over the entire distance. 
One of the principal advantages of solution by great-circle chart is that the pres- 
ence of any obstructions is immediately apparent. 

Often a relatively short run by rhumb line is sufficient to reach a point from 
which the great-circle track can be followed. Where a choice is possible, the rhumb 
line selected should conform as nearly as practicable to the direct great circle. 

If the great circle crosses a small island, one or more legs may be altered 
slightly, or perhaps the drift of the vessel will be sufficient to make any planned 
alteration unnecessary. The possible use of the island in obtaining an en route fix 
should not be overlooked. If a larger obstruction is encountered, as in the case of 
the Aleutian Islands on a great circle from Seattle to Yokohama, some judgment 
may be needed in selecting the track. It may be satisfactory to follow a great circle 
to the vicinity of the obstruction, one or more rhumb lines along the edge of the 
obstruction, and another great circle to the destination. Another possible solution is 
the use of composite sailing (art. 908), and still another the use of two great circles, 
one from the point of departure to a point near the maximum latitude of unob- 
structed water, and the second from this point to the destination. 

It is sometimes desirable to alter a great-circle track to avoid unfavorable winds 
or currents. The shortest route is not always the quickest. 

Whatever the problem, a great-circle chart can be helpful in its solution. 

908. Composite sailing.—When the great circle would carry a vessel to a higher 
latitude than desired, a modification of great-circle sailing, called composite sailing, 
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may be used to good advantage. The composite track consists of a great circle from 
the point of departure and tangent to the limiting parallel, a course line along the 
parallel, and a great circle tangent to the limiting parallel and through the destina- 
tion. 

Solution of composite sailing problems is most easily made by means of a great- 
circle chart. Lines from the point of departure and the destination are drawn 
tangent to the limiting parallel. The coordinates of various selected points along the 
composite track are then measured and transferred to a Mercator chart, as in 
great-circle sailing (art. 904). 


Composite sailing problems can also be solved by computation (art. 1017, vol. 
II). 


CHAPTER X 


PILOTING 


General 


1001. Introduction.—On the high seas, where there is no immediate danger of 
grounding, navigation is a comparatively leisurely process. Courses and speeds are 
maintained over relatively long periods, and fixes are obtained at convenient inter- 
vals. Under favorable conditions a vessel might continue for several days with no 
positions other than those obtained by dead reckoning, or by estimate, and with no 
anxiety on the part of the captain or navigator. Errors in position can usually be 
detected and corrected before danger threatens. 

In the vicinity of shoal water the situation is different. Frequent or continuous 
positional information is usually essential to the safety of the vessel. An error, 
which on the high seas may be considered small, may in what are called pilot 
waters be intolerably large. Frequent changes of course and speed are common. The 
proximity of other vessels increases the possibility of collisions and restricts move- 
ments. 

In some waters the services of a specially qualified navigator having local 
knowledge may be necessary to insure safe navigation. Local knowledge extends 
beyond that publicly available in charts and publications, being more detailed, 
intimate, and current. The pilot’s knowledge of his waters is gained not only 
through his own experience and familiarity, but by his availing himself of all local 
information resources, public and private, recent and longstanding, particularly 
concerning underwater hazards and obstructions, uncharted above-water landmarks 
and topographical configurations, local tides and currents, recent shoaling, tempo- 
rary changes or deficiencies in aids to navigation, and similar matters of local 
concern. This local knowledge should enable a pilot to traverse his waters safely 
without reliance on man-made aids to navigation and to detect any unusual condi- 
tions or departure from a safe course. This service does not substitute for the ship’s 
own safe navigation, but complements it. Prudence may also dictate the use of this 
specially qualified navigator to better insure safe navigation in situations where 
local knowledge is not essential. This navigator specially qualified for specific 
waters is called a pilot; his services are referred to as pilotage or piloting. 

In its more general sense, the term piloting is used to mean the art of safely 
conducting a vessel on waters the hazards of which make necessary frequent or 
continuous positioning with respect to charted features and close attention to the 
vessel’s draft with respect to the depth of water. Except for special circumstances, 
such as proceeding along a range (art. 1004), this positioning normally must be 
effected by constructing a plot on the chart based upon accurate navigational 
observations of charted features. 

No other form of navigation requires the continuous alertness needed in pilot- 
ing. At no other time is navigational experience and judgment so valuable. The 
ability to work rapidly and to correctly interpret all available information, always 
keeping “ahead of the vessel,’ may mean the difference between safety and disas- 
ter. 
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1002. Preparation for piloting.—Because the time element is often of vital 
importance in piloting, adequate preparation is important. Long-range preparation 
includes the organization and training of those who will assist in any way. This 
includes the steersman, who will be granted less tolerance in straying from the 
prescribed course than when farther offshore. 

The more immediate preparation includes a study of the charts and publica- 
tions of the area to familiarize oneself with the channels, shoals, tides, currents, 
aids to navigation, etc. One seldom has time to seek such information once he is 
proceeding in pilot waters. This preparation also includes the development of a 
definite plan for transiting the hazardous waters. Since the services provided by 
pilots having local knowledge are usually advisory, prudence dictates that the 
regularly assigned navigational personnel be advised of the pilot’s plan. Otherwise, 
their ability to counteract any imprudent action on the part of the pilot may be 
severely limited. Also, knowledge of the pilot’s plan enables the regularly assigned 
navigational personnel to act more effectively in verifying that the pilot is making 
a safe passage. The more detailed preparation required for leaving or entering port 
is given in chapter XXIII. 


Position 


1003. Lines of position.—As in celestial and radionavigation, piloting makes 
extensive use of lines of position. Such a line is one on some point of which the 
vessel may be presumed to be located, as a result of observation or measurement. It 
may be highly reliable, or of questionable accuracy. Lines of position are of great 
value, but one should always keep in mind that they can be in error because of 
imperfections in instruments used for obtaining them and human limitations in 
those who use the instruments and utilize the results. The extent to which one can 
have confidence in various lines of position is a matter of judgment acquired from 
experience. 

A line of position might be a straight line (actually a part of a great circle), an 
arc of a circle, or part of some other curve such as a hyperbola (art. 134, vol. ID. An 
appropriate label should be placed on the plot of a line of position at the time it ts 
drawn, to avoid possible error or confusion. A lakel should include all information 
essential for identification, but no extraneous information. The labels shown in this 
volume are recommended. 

1004. Bearings.—A bearing is the horizontal direction of one terrestrial point 
from another. It is usually expressed as the angular difference between a reference 
direction and the given direction. In navigation, north is generally used as the 
reference direction, and angles are measured clockwise through 360°. It is custom- 
ary to express all bearings in three digits, using preliminary zeros where needed. 
Thus, north is 000° or 360°, a direction 7° to the right of north is 007°, east is 090°, 
southwest is 225’, etc. 

For plotting, true north is used as the reference direction. A bearing measured 
from this reference is called a true bearing. A magnetic, compass, or grid bearing 
results from using magnetic, compass, or grid north, respectively, as the reference 
direction. This is similar to the designation of courses. In the case of bearings, 
however, one additional reference direction is often convenient. This is the heading 
of the ship. A bearing expressed as angular distance from the heading is called a 
relative bearing. It is usually measured clockwise through 360°. A relative bearing 
may be expressed in still another way, as indicated in figure 1004. Except for dead 
ahead and points at 45° intervals from it, this method is used principally for 
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indicating directions obtained visually, without precise measurement. An even more 
general indication of relative bearing may be given by such directions as ‘ahead,’ 
“on the starboard bow,” “on the port quarter,” “astern.” The term abeam may be 
used as the equivalent of either the general “on the beam” or, sometimes, the more 
precise “broad on the beam.” Degrees are sometimes used instead of points to 
express relative bearings by the system illustrated in figure 1004. However, if 


degrees are used, a better practice is to use the 360° system. Thus, a relative 
bearing of “20° forward of the port beam” is better expressed as ‘‘290°.”’ 
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Figure 1004.—One method of expressing relative bearings. 


True, magnetic, and compass bearings are interconverted by the use of varia- 
tion and deviation, or compass error, in the same manner as courses. Interconver- 


sion of relative and other bearings is accomplished by means of the heading. If true 
heading is added to relative bearing, true bearing results. If magnetic, compass, or 


grid heading is added to relative bearing, the corresponding magnetic, compass, or 
grid bearing is obtained. 


A bearing line extending in the direction of an observed bearing of a charted 
object is one of the most widely used lines of position. If one knows that an 
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identified landmark has a certain bearing from his vessel, the vessel can only be on 
the line at which such a bearing might be observed, for at any other point the 
bearing would be different. This line extends outward from the landmark, along the 
reciprocal of the observed bearing. Thus, if a lighthouse is east of a ship, that ship is 
west of the lighthouse. If a beacon bears 156°, the observer must be on a line 
extending 156°+180°=336° from the beacon. Since observed bearing lines are great 
circles, this relationship is not strictly accurate, but the error is significant only 
where the great circle departs materially from the rhumb line, as in high latitudes 
(ch. XXV). 

Bearings are obtained by compass, gyro repeater, pelorus, alidade, radar, etc. 
One type of bearing can be obtained by eye without measurement. When two 
objects appear directly in line, one behind the other, they are said to be “in range,” 
and together they constitute a range. For accurately charted objects, a range may 
provide the most accurate line of position obtainable, and one of the easiest to 
observe. Tanks, steeples, towers, cupolas, etc., sometimes form natural ranges. A 
navigator should be familiar with prominent ranges in his operating area, particu- 
larly those which can be used to mark turning points, indicate limits of shoals, or 
define an approach heading or let-go point of the anchorage of a naval vessel. So 
useful is the range in marking a course that artificial ranges, usually in the form of 
two lighted beacons, have been installed in line with channels in many ports. A 
vessel proceeding along the channel has only to keep the beacons in range to 
remain in the center of the channel. If the farther beacon (customarily the higher 
one) appears to “open out” (move) to the right of the forward (lower) beacon, one 
knows that he is to the right of his desired track. Similarly, if it opens out to the 
left, the vessel is off track to the left. 

The line defined by the range is called a range line or leading line. Range 
daybeacons (art. 412) and other charted objects forming a range are often called 
leading marks. Range lights (art. 402) are often called leading lights. 

It is good practice to plot only a short part of a line of position in the vicinity of 
the vessel, to avoid unnecessary confusion and to reduce the chart wear by erasure. 
Particularly, one should avoid the drawing of lines through the chart symbol 
indicating the landmark used. In the case of a range, a straightedge is placed along 
the two objects, and the desired portion of the line is plotted. One need not know 
the numerical value of the bearing represented by the line. However, if there is any 
doubt as to the identification of the objects observed, the measurement of the 
bearing should prove useful. 

A single bearing line is labeled with the time above the line. 

1005. Distance.—If a vessel is known to be a certain distance from an identified 
point on the chart, it must be somewhere on a circle with that point as the center 
and the distance as the radius. A single distance (range) arc is labeled with the time 
above the line. 

Distances are obtained by radar, range finder, stadimeter, synchronized sound 
and radio signals, synchronized air and water sounds, vertical angles (table 9), ete. 
If vertical angles are used, measurement should be made from the top of the object 
to the visible sea horizon, if it is available. If measurement is made to a water line 
not vertically below the top of the object, a problem may be encountered because 
distance from table 9 is to the point vertically below the top of the object, while the 
distance used for entering table 22 to determine dip short of the horizon is to the 
water line. Generally, any differences in these two distances can be determinea 
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from the chart. This problem may, in some cases, be avoided by decreasing the 
height of eye sufficiently to bring the horizon between the observer and the object. 

1006. The fix.—A line of position, however obtained, represents a series of 
possible positions, but not a single position. However, if two simultaneous, nonparal- 
lel lines of position are available, the only position that satisfies the requirements 
of being on both lines at the same time is the intersection of the two lines. This 
point is one form of fix. Examples of several types of fixes are given in the 
illustrations. In figure 1006a a fix is obtained from two bearing lines. The fix of 
figure 1006b is obtained by two distance circles. Figure 1006c illustrates a fix from a 
range and a distance. In figure 1006d a bearing and distance of a single object are 
used. A small circle is used to indicate the fix at the intersection of the lines of 
position. The time of the fix is the time at which the lines of position were 
established. 


OMe, 
s 
—s 
1350 
Ficure 1006a.—A fix by two bearing lines. FicurE 1006b.—A fix by two distances. 


Some consideration should be given to the selection of objects to provide a fix. 
It is essential, for instance, that the objects be identified. The angle between lines of 
position is important. The ideal is 90°. If the angle is small, a slight error in 
measuring or plotting either line results in a relatively large error in the indicated 
position. In the case of a bearing line, nearby objects are preferable to those at a 
considerable distance, because the linear (distance) error resulting from an angular 
error increases with distance. 

Another consideration is the type of object. Lighthouses, spires, flagpoles, etc., 
are good objects because the point of observation is well defined. A large building, 
most nearby mountains, a point of land, etc., may leave some reasonable doubt as to 
the exact point used for observation. If a tangent is used (fig. 1006a), there is a 
possibility that a low spit may extend seaward from the part observed. A number of 
towers, chimneys, etc., close together require careful identification. A buoy or a 
lightship may drag anchor and be out of position. Most buoys are secured by a 
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FiGuRE 1006c.—A fix by a range and distance. Ficure 1006d.—A fix by distance and bearing 
of single object. 


single anchor and so have a certain radius of swing as the tide, current, and wind 
change. 

Although two accurate nonparallel lines of position completely define a posi- 
tion, if they are taken at the same time, an element of doubt always exists as to the 
accuracy of the lines. Additional lines of position can serve as a check on those 
already obtained, and, usually, to reduce any existing error. If three lines of 
position cross at a common point, or form a small triangle, it is usually a reasona- 
ble assumption that the position is reliable, and defined by the center of the figure. 
However, this is not necessarily so, and one should be aware of the possibility of an 
erroneously indicated position. 

A single bearing line of an accurately charted object will be offset from the 
observer’s actual position by an amount dependent upon the net angular error of 
the observation and plot, and the distance of the charted object from the observer. 
The amount of offset is expressed approximately in the Rule of Sixty, which may be 
stated as follows: The offset of the plotted. bearing line from the observer’s actual 
position is 1/60th of the distance to the object observed for each degree of error. In 
the derivation of the Rule of Sixty, the assumption is made that the angular error 
is small, ie., not more than the small errors normally associated with compass 
observations and plotting. Using this assumption, the sine function of the angular 
error is taken as equal to the same number of radians as the error. As shown in 
figure 1006e, the offset is equal to 1/60th of the distance to the charted object 
observed times the sine of the angular error of the bearing line as plotted. Thus, an 
error of 1° represents an error of about 100 feet if the object is 1 mile distant, 1,000 
feet if the object is 10 miles away, and 1 mile if the object is 60 miles from the 


observer. 
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FicurE 1006e.—Basis of the Rule of Sixty. 
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1007. Two-bearing plot.—If as shown in figure 1007a, the observer is located at 
point T and the bearings of a beacon and cupola are observed and plotted without 
error, the intersection of the bearing lines lies on the circumference of a circle 
passing through the beacon, cupola, and the observer. With constant error, i.e., an 
error of fixed magnitude and sign (or direction) for a given set of observations, the 
angular difference of the bearings of the beacon and the cupola is not affected. 
Thus, the angle formed at point F by the bearing lines plotted with constant error 
is equal to the angle formed at point 7 by the bearing lines plotted without error. 
From geometry it is known that angles having their apexes on the circumference of 
a circle and that are subtended by the same chord are equal. Since the angles at 
points 7 and F are equal and the angles are subtended by the same chord, the 
intersection at point F lies on the circumference of a circle passing through the 
beacon, cupola, and the observer. 

Assuming only constant error in the plot, the direction of displacement of the 
two-bearing fix from the position of the observer is in accordance with the sign (or 
direction) of the constant error. However, a third bearing is required to determine 
the direction of the constant error. 

Assuming only constant error in the plot, the two-bearing fix lies on the 
circumference of the circle passing through the two charted objects observed and 
the observer. The fix error, ie., the length of the chord FT in figure 1007b, is 
dependent upon the magnitude of the constant error €, the distance between the 
charted objects, and the cosecant of the angle of cut, angle 9. In figure 1007b, 


e BC csc 0 
fix error=FT= BIND Site «§ (where € is a small angle). 
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FicurReE 1007a.—Two-bearing plot. FiGuRE 1007b.—Two-bearing plot with constant 
error. 


Thus, the fix error is least when the angle of cut is 90°. As illustrated in figure 
1007c, the error increases in accordance with the cosecant function as the angle of 
cut decreases. The increase in the error becomes quite rapid after the angle of cut 
has decreased to below about 30°. With an angle of cut of 30°, the fix error is about 
twice that at 90°. 
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Figure 1007c.—Error of two-bearing plot. 


1008. Three-bearing plot.—When three nonsimultaneous bearings are taken 
from a moving ship, it is necessry to advance (art. 1010) all but the last line of 
position by amounts equal to the course and distance made good from the last 
observation. The point where the two advanced lines of position cut the third one is 
the position of the ship at the time of obtaining the last line of position. 

If there is a constant error in the plot, the three lines of position form a 
triangle of error called a cocked hat. The causes of the cocked hat may be any of 
the following: 

(a) error in identifying the object, 

(b) error in plotting the line of bearing, 

(c) inaccuracy of observation resulting from the limitations of the compass, 
(d) compass error or gyro error unknown or incorrectly applied, 

(e) excessive time interval between observations, 

(f) inaccuracy of the survey or the chart. 

If the cocked hat is large, the work should be revised to ensure that errors (a) and 
(b) are eliminated. 

Error (c) should never be greater than %° and may generally be neglected. 

Error (d) should be eliminated by taking every opportunity of checking the 
deviation or gyro error. 

1009. Adjusting a fix for constant error.—If several fixes obtained by bearings 
on three objects produce triangles of error of about the same size, one might 
reasonably suspect a constant error in the observation of the bearings, particularly 
if the same instrument is used for all observations, or in the plotting of the lines. If 
the application of a constant error to all bearings results in a point, or near-point 
fix, the navigator is usually justified in applying such a correction. This situation is 
illustrated in figure 1009a, where the solid lines indicate the original plot, and the 
broken lines indicate each line of position moved 3° in a clockwise direction. If 
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different instruments are used for observation, one of them might be consistently in 
error. This might be detected by altering all bearings observed by that instrument 
by a fixed amount and producing good fixes. 

When there is indication of constant error in a cross-bearing plot, the Franklin 
Piloting Technique can be used for rapid determination of the direction and magni- 
tude of the error. The use of the technique avoids the delays associated with the 
trial and error method (fig. 1009a). Being a rapid method for determining with 
sufficient accuracy the normally small errors of the compass, the technique pro- 
vides a means for maintaining the cross-bearing plot even when the compass error 
is variable from one round of bearings to the next. To apply the technique when 
there is indication of constant error in the plot, the navigator selects three objects 
for his next round of bearings in accordance with the following rules: 

1. Two of the three objects should be nearby so that the displacements of their 
plotted bearing lines from the observer’s actual position, as a result of a small 
constant error, will be small. 


Ss Indicated Fix 


FicureE 1009a.—Adjusting a fix for constant error. 


2. The third object should be at least two and one-half times the distance of the 
farther of the two nearby objects so that the displacement of its plotted bearing line 
from the observer’s actual position, as a result of a small constant error, will be 
relatively large. 

3. Preferably, the third object should lie in a direction from the observer 
approximately parallel to a line between the two nearby objects. 

With selection as in (3) above, the line drawn from the third object to the 
intersection of the bearing lines of the two nearby objects is nearly tangent to the 
circle through these nearby objects and the observer’s actual position (fig. 1009b). 
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Being nearly tangent to this circle, the line drawn from the most distant object 


passes close to the observer’s actual position, which is close to the point of tangency 
for small constant errors. 
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FicureE 1009b.—Selection of charted objects for observation. 


As shown in figure 1009b, the bearing lines through nearby objects A and B 
intersect at F on the circle through A, B, and the observer’s actual position at point 
T. The acute angle between the plotted bearing line through distant object C and a 
line from C to T is exactly equal to the error, assuming that all error is due to a 
constant compass error. It follows that the acute angle between the plotted bearing 
line through distant object C and the line from C to F is approximately equal to the 
error. 

Because the objects observed in figure 1009b lie within a bearing spread of 180”, 
the most probable position of the fix is outside the triangle of error. The fix is 
determined from the set of adjacent exterior angles (and opposite interior angle) 
which are immediately adjacent to the area formed by the three lines extending 
from the triangle of error toward the observed objects. 

From geometry, the fix cannot lie within the shaded area (fig. 1009c); the fix 
cannot lie within the triangle of error; the fix is determined by the set of adjacent 
exterior angles of the triangle of error which are immediately adjacent to the 
shaded area. The adjacent set establishes the fix at T. 


Ficure 1009c.—Determining the most probable position of the fix. 


Although the foregoing use of the geometry of the cross-bearing plot could be 
used to find the direction of the constant error, the Franklin technique provides a 
simpler means. However, a reference direction must first be established. This 


292 PILOTING 


reference direction is used to determine whether the plotted bearing line of one of 
the three objects lies to the left or right of the intersection of the bearing lines of 
the other two. For example, in the left-hand plot of figure 1009d the intersection at 
F is taken as being to the right of the plotted bearing line of object C. 


B 
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DIRECTION WEST DIRECTION ERROR 
ERROR 


FicurE 1009d.—Determining constant error when bearing spread is less than 180°. 


When the bearing spread is less than 180°, the direction of either the extreme 
left-hand or right-hand object from the observer’s approximate position is used as 
the reference direction. When the bearing spread is greater than 180°, the direction 
of any one of the three objects from the observer’s position can be used as the 
reference direction. 

If the bearing spread is less than 180° and the plotted bearing line extended 
through the extreme left-hand or right-hand object lies to the right of the intersec- 
tion of the other two plotted bearing lines (fig. 1009d), the error is east; otherwise 
the error is west. 

If the bearing spread is greater than 180° and the plotted bearing line through 
one object lies to the right of the intersection of the other two plotted bearing lines, 
the error is east; otherwise the error is west. 

1010. Nonsimultaneous observations.—For fully accurate results, observations 
made to fix the position of a moving vessel should be made simultaneously, or 
nearly so. On a slow-moving vessel, relatively little error is introduced by making 
several observations in quick succession. A wise precaution is to observe the objects 
more nearly ahead or astern first, since these are least affected by the motion of 
the observer. However, when it is desired to obtain a good estimate of the speed 
being made good, it may be desirable to observe the most rapidly changing bearing 
first, assuming that such observation can be better coordinated with the time 
“mark.” 

Sometimes it is not possible or desirable to make simultaneous or nearly 
simultaneous observations. Such a situation may arise, for instance, when a single 
object is available for observation, or when all available objects are on nearly the 
same or reciprocal bearings, and there is no means of determining distance. Under 
such conditions, a period of several minutes or more may be permitted to elapse 
between observations to provide lines of position crossing at suitable angles. When 
this occurs, the lines can be adjusted to a common time to obtain a running fix. 
Refer to figure 1010a. A ship is proceeding along a coast on course 020°, speed 15 
knots. At 1505 lighthouse L bears 310°. If the line of position is accurate, the ship is 
somewhere on it at the time of observation. Ten minutes later the ship will have 
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traveled 2.5 miles in direction 020°. If the ship was at A at 1505, it will be at A’ at 
1515. However, if the position at 1505 was B, the position at 1515 will be B’.. A 
similar relationship exists between C and C’, D and D’, E and E’, etc. Thus, if any 
point on the original line of position is moved a distance equal to the distance run, 
and in the direction of the motion, a line through this point, parallel to the original 
line of position, represents all possible positions of the ship at the later time. This 
process is called advancing a line of position. The moving of a line back to an 
earlier time is called retiring a line of position. 


Figure 1010a.—Advancing a line of position. 


The accuracy of an adjusted line of position depends not only upon the accuracy 

of the original line, but also upon the reliability of the information used in moving 
the line. A small error in the track made good has little effect upon the accuracy of 
a bearing line of an object near the beam, but maximum effect upon the bearing 
line of an object nearly ahead or astern. Conversely, the effect of an error in speed 
is maximum upon the bearing line of an object abeam. The opposite is true of 
circles of position. The best estimate of track and speed made good should be used 
i i retiring a line of position. 
a Phtires wee any ee of course or speed, these should be considered, for the 
motion of the line of position should reflect as accurately as possible the motion of 
the observer between the time of observation and the time to which the line is 
adjusted. Perhaps the easiest way to do this is to measure the direction and 
distance between dead reckoning or estimated Positions at the two times, and use 
these to adjust some point on the line of position. This method is shown in aes 
1010b. In this illustration allowance is made for the estimated combined effect os 
wind and current, this effect being plotted as an additional course and distance. 
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courses and speeds made good over the ground are used, the separate plotting of the 
wind and current effect is not used. In the illustration, point A is the DR position at 
the time of observation, and point B is the estimated position (the DR position 
adjusted for wind and current) at the time to which the line of position is adjusted. 


Line A'B’ is of the same length and in the same direction as line AB. 
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Ficure 1010b.—Advancing a line of position with a change in course and speed, and allowing for 
current. 


Other techniques may be used. The position of the object observed may be 
advanced or retired, and the line of position drawn in relation to the adjusted 
position. This is the most satisfactory method for a circle of position, as shown in 
figure 1010c. When the position of the landmark is adjusted, the advanced line of 
position can be laid down without plotting the original line, which need be shown 
only if it serves a useful purpose. This not only eliminates part of the work, but 
reduces the number of lines on the chart, and thereby decreases the possibility of 
error. Another method is to draw any line, such as a perpendicular, from the dead 
reckoning position at the time of observation to the line of position. A line of the 
same length and in the same direction, drawn from the DR position or EP at the 
time to which the line is adjusted, locates a point on the adjusted line, as shown in 
figure 1010d. If a single course and speed is involved, common practice is to 
measure from the intersection of the line of position and the course line. If the 
dividers are set to the distance run between bearings and placed on the chart so 
that one point is on the first bearing line and the other point is on the second 
bearing line, and the line connecting the points is parallel to the course line, the 
points will indicate the positions of the vessel at the times of the bearings. 
An adjusted line of position is labeled the same as an unadjusted one, except 
that both the time of observation and the time to which the line is adjusted are 
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Ficure 1010c.—Advancing a circle of position 
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Figure 1010d.—Advancing a line of position by its relation to the dead reckoning. 
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shown, as in the illustrations of this article and article 1011. Because of additional 
sources of error in adjusted lines of position, they are not used when satisfactory 
simultaneous lines can be obtained. 

1011. The running fix.—As stated in article 1010, a fix obtained by means of 
lines of position taken at different times and adjusted to a common time is called a 
running fix. In piloting, common practice is to advance earlier lines to the time of 
the last observation. Figure 101la illustrates a running fix obtained from two 
bearings of the same object. In figure 1011b the ship changes course and speed 
between observations of two objects. A running fix by two circles of position is 
shown in figure 1011c. 


Figure 1011a.—A running fix by two bearings on the same object. 


When simultaneous observations are not available, a running fix may provide 
the most reliable position obtainable. The time between observations should be no 
longer than about 30 minutes, for the uncertainty of course and distance made good 
increases with time. 

The errors applicable to a running fix are those resulting from errors of the 
individual lines of position. However, a given error may have quite a different effect 
upon the fix than upon the line of position. Consider, for example, the situation of 
an unknown head current. In figure 1011ld a ship is proceeding along a coast, on 
course 250°, speed 12 knots. At 0920 light A bears 190°, and at 0930 it bears 143°. If 
the earlier bearing line is advanced a distance of 2 miles (10 minutes at 12 knots) in 
the direction of the course, the running fix is as shown by the solid lines. However, 
if there is a head current of 2 knots, the ship is making good a speed of only 10 
knots, and in 10 minutes will travel a distance of only 1% miles. If the first bearing 
line is advanced this distance, as shown by the broken line, the actual position of 
the ship is at B. This is nearer the beach than the running fix, and therefore a 
dangerous situation. A following current gives an indication of position too far from 
the object. Therefore, if a current parallel to the course (either head or following) is 
suspected, a minimum estimate of speed made good will result in a possible margin 
of safety. If the second bearing is of a different object, a maximum estimate of speed 
should be made if the second object is on the same side and farther forward, or on 
the opposite side and farther aft, than the first object was when observed. All of 
these situations assume that danger is on the same side as the object observed first. 
If there is either a head or following current, a series of running fixes based upon a 
number of bearings of the same object will plot in a straight line parallel to the 
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FicureE 1011b.—A running fix with a change of course and speed between observations on separate 
landmarks. 
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Figure 1011c.—A running fix by two circles of position. 


course line, as shown in figure 101le. The plotted line will be too close to the object 
observed if there is a following current, and too far out if there is a head current. 
The existence of the current will not be apparent unless the actual speed over the 
ground is known. The position of the plotted line relative to the dead reckoning 
course line is not a reliable guide. 

A current oblique to the course will result in an incorrect position, but the 
direction of the error is indeterminate. In general, the effect of a current with a 
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FicureE 1011d.—Effect of a head current on a running fix. 
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Figure 101le.—A number of running fixes with a following current. 


strong head or following component is similar to that of a head or following 
current, respectively. The existence of an oblique current, but not its amount, can 
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be detected by observing and plotting several bearings of the same object. The 
running fix obtained by advancing one bearing line to the time of the next one will 
not agree with the running fix obtained by advancing an earlier line. Thus, if 
bearings A, B, and C are observed at five-minute intervals, the running fix obtained 
by advancing B to the time of C will not be the same as that obtained by advancing 
A to the time of C, as shown in figure 1011f. 


B 


Conflicting Running Fixes at 1540 


Figure 1011f.—Detecting the existence of an oblique current, by a series of running fixes. 


Whatever the current, the direction of the track made good (assuming constant 
current and constant course and speed) can be determined. Three bearings of a 
charted object O are observed and plotted (fig. 10118). Through O draw XY any 
direction. Using a convenient scale, determine points A and B so that OA eng ae ne 
proportional to the time intervals between. the first and second bearings an ate 
second and third bearings, respectively. From A and B draw lines parallel ie 
second bearing line, intersecting the first and third bearing lines at i ae ; 
respectively. The direction of the line from C and D is the track being made good. ‘ 

The principle of the method shown in figure 1011lg is based on the sia 2 
similar triangles. A frequently desirable variation of the method is to use the irs 
bearing line as the side of the triangle that is divided in proportion to the time 
intervals between bearings (fig. 101 1h). This method of solution of the three-bearing 
problem is presented in The Complete Coastal Navigator by Charles H. Cotter. 
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Figure 1011g.—Determining the track made good. 
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FicureE 1011h.—Determining the track made good. 


The distance of the line CD in figure 101lg from the track is in error by an 
amount proportional to the ratio of the speed being made good to the speed 
assumed for the solution. If a good fix (not a running fix) is obtained at some time 
before the first bearing for the running fix, and the current has not changed, the 
track can be determined by drawing a line from the fix, in the direction of the track 
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made good. The intersection of the track with any of the bearing lines is an actual 
position. 

The current can be determined whenever a dead reckoning position and fix are 
available for the same time. The direction from the dead reckoning position to the 
fix is the set of the current. The distance between these two positions, divided by 
the time (expressed in hours and tenths) since the last fix, is the drift of the current 
in knots. For accurate results, the dead reckoning position must be run up from the 
previous fix without any allowance for current. Any error in either the dead 
reckoning position (such as poor steering, unknown compass error, inaccurate log, 
wind, etc.) or the fix will be reflected in the determination of current. When the 
dead reckoning position and fix are close together, a relatively small error in either 
may introduce a large error in the apparent set of the current. 

1012. Distance of an object by two bearings.—A running fix can be obtained by 
utilizing the mathematical relationships involved. A ship steams past landmark D 
(fig. 1012). At any point A a bearing of D is observed and expressed as degrees right 
or left of the course (a relative bearing if the ship is on course). At some later time, 
at B, a second bearing of D is observed and expressed as before. At C the landmark 
is broad on the beam. The angles at A, B, and C are known, and also the distance 
run between points. The various triangles could be solved by trigonometry to find 
the distance from D at any bearing. Distance and bearing provide a fix. Table 7 
provides a quick and easy solution. 


Ficure 1012.—Triangles involved in a running fix. 


Solution by table 7 or one of the special cases is accurate only if a steady course 
has been steered, the vessel is unaffected by current, and the speed used is the speed 
over ground. a . 

Tht are certain special cases arising under the method of obtaining a running 
fix from two bearings and the intervening run which do not require the use of 
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tables. Two of these cases arise when the multiplier is equal to unity, and the 
distance run is therefore equal to the distance from the object. 

If the second difference (angle CBD of figure 1012) is double the first difference 
(angle BAD), triangle BAD is isosceles (art. 128, vol. II) with equal angles at A and 
D. Therefore, side AB (the run) is equal to side BD (the distance off at the time of 
the second bearing). This is called doubling the angle on the bow. If the first angle 
is 45° and the second 90°, the distance run equals the distance when broad on the 
beam. These are called bow and beam bearings. Solutions by special cases are 
discussed in more detail in article 505 of volume II. 

1013. Safe piloting without a fix.—A fix or running fix is not always necessary 
to insure safety of the vessel. If a ship is proceeding up a dredged channel, for 
instance, the only knowledge needed to prevent grounding is that the ship is within 
the limits of the dredged area. This information might be provided by a range in 
line with the channel. A fix is not needed except to mark the point at which the 
range can no longer be followed with safety. 

Under favorable conditions a danger bearing might be used to insure safe 
passage past a shoal or other danger. Refer to figure 1013. A vessel is proceeding 
along a coast, on intended track AB. A shoal is to be avoided. A line HX is drawn 
from lighthouse H, tangent to the outer edge of the danger. As long as the bearing 
of light H is less than XH, the danger bearing, the vessel is in safe water. An 
example is YH, no part of the bearing line passing through the danger area. Any 
bearing greater than XH, such as ZH, indicates a possible dangerous situation. If 
the object is passed on the port side, the safe bearing is less than the danger 
bearing, as shown in figure 1013. If the object is passed on the starboard side, the 
danger bearing represents the minimum bearing, safe ones being greater. To be 
effective, a danger bearing should not differ greatly from the course, and the object 
of which bearings are to be taken should be easily identifiable and visible over the 
entire area of usefulness of the danger bearing. A margin of safety might be 
provided by drawing line HX through a point a short distance off the danger. In 
figure 1013, the danger bearing is labeled NMT 074 to indicate that the bearing of 
the light should not be more than 074°. The hazardous side of the bearing line is 
hatched. If a natural or artifical range is available as a danger bearing, it should be 
used. 


-~~__ INTENDED TRACK 


FicurRE 1013.—A danger bearing. 


A vessel proceeding along a coast may be in safe water as long as it remains a 
minimum distance off the beach. This information may be provided by any means 
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available. One method useful in avoiding particular dangers is the use of a danger 
angle (art. 1109). 

A vessel may sometimes be kept in safe water by means of a danger sounding. 
The value selected depends upon the draft of the vessel and the slope of the bottom. 
It should be sufficiently deep to provide adequate maneuvering room for the vessel 
to reach deeper water before grounding, once the minimum depth is obtained. In an 
area where the shoaling is gradual, a smaller margin of depth can be considered 
than in an area of rapid shoaling. Where the shoaling is very abrupt, as off Point 
Conception, California, no danger sounding is practical. It is good practice to promi- 
nently mark the danger sounding line on the chart. A colored pencil is useful for 
this purpose. 

If it is desired to round a point marked by a prominent landmark, without 
approaching closer than a given minimum distance, this can be done by steaming 
until the minimum distance is reached and then immediately changing course so as 
to bring the landmark broad on the beam. Frequent small changes of course are 
then used to keep the landmark near, but not forward of, the beam. This method is 
not reliable if the vessel is being moved laterally by wind or current. 

An approximation of the distance off can be found by noting the rate at which 
the bearing changes. If the landmark is kept abeam, the change is indicated by a 
change of heading. During a change of 57°5, the distance off is about the same as 
the distance run. For a change of 28°5, the distance is about twice the run; for 19° it 
is about three times the run; for 14°5 it is about four times the run; and for 11°5 it 
is about five times the run. Another variation is to measure the number of seconds 
required for a change of 16°. The distance off is equal to this interval multiplied by 
the speed in knots and divided by 1,000. That is, 


St 


~~ 1,000” 


where D is the distance in nautical miles, S is the speed in knots, and t is the time 
interval in seconds. This method can also be used for straight courses (with bearings 
8° forward and abaft the beam), but with somewhat reduced accuracy. 

1014. Soundings.—The most important use of soundings is to determine wheth- 
er the depth is sufficient to provide a reasonable margin of safety for the vessel. For 
this reason, soundings should be taken continuously in pilot waters. A study of the 
chart and the establishment of a danger sounding (art. 1013) should indicate the 
degree of safety of the vessel at any time. 

Under favorable conditions, soundings can be a valuable aid in establishing the 
position of the vessel. Their value in this regard depends upon the configuration of 
the bottom, the amount and accuracy of information given on the chart, the type 
and accuracy of the sounding equipment available aboard ship, and the knowledge 
and skill of the navigator. In an area having a flat bottom devoid of distinctive 
features, or in an area where detailed information is not given on the chart, little 
positional information can be gained from soundings. However, in an area where 
depth curves run roughly parallel to the shore, a sounding might indicate distance 
from the beach. In any area where a given depth curve is sharply defined and 
relatively straight, it serves as a line of position which can be used with other lines, 
such as those obtained by bearings of landmarks, to obtain a fix. The 100-fathom 
curve at the outer edge of the continental shelf might be crossed with a line of 
position from celestial observation or Loran. The crossing of a sharply defined 
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trench, ridge, shoal, or flat-topped seamount (a guyot) might provide valuable 
positional information. 

In any such use, identification of the feature observed is important. In an area 
of rugged underwater terrain, identification might be difficult unless an almost 
continuous determination of position is maintained, for it is not unusual for a 
number of features within a normal radius of uncertainty to be similar. If the echo 
sounder produces a continuous recording of the depth, called a bottom profile, this 
can be matched to the chart in the vicinity of the course line. If no profile is 
available, a rough approximation of one can be constructed as follows: Record a 
series of soundings at short intervals, the length being dictated by the scale of the 
chart and the existing situation. For most purposes the interval might be each 
minute, or perhaps each half-mile or mile. Draw a straight line on transparent 
material and, at the scale of the chart, place marks along the line at the distance 
intervals at which soundings were made. For this purpose the line might be super- 
imposed over the latitude scale or a distance scale of the chart. At each mark 
record the corresponding sounding. Then place the transparency over the chart and, 
by trial and error, match the recorded soundings to those indicated on the chart. 
Keep the line on the transparency parallel or nearly parallel to the course line 
plotted on the chart. A current may cause some difference between the plotted 
course line and the track made good. Also, speed over the bottom might be some- 
what different from that used for the plot. This should be reflected in the match. 
This method should be used with caution, because it may be possible to fit the line 
of soundings to several places on the chart. 

Exact agreement with the charted bottom should not be expected at all times. 
Inaccuracies in the soundings, tide, or incomplete data on the chart may affect the 
match, but general agreement should be sought. Any marked discrepancy should be 
investigated, particularly if it indicates less depth than anticipated. If such a 
discrepancy cannot be reconciled, the wisest decision might well be to haul off into 
deeper water or anchor and wait for more favorable conditions or additional infor- 
mation. 

1015. Most probable position (MPP).—Since information sufficient to establish 
an exact position is seldom available, the navigator is frequently faced with the 
problem of establishing the most probable position of the vessel. If three reliable 
bearing lines cross at a point, there is usually little doubt as to the position, and 
little or no judgment is needed. But when conflicting information or information of 
questionable reliability is received, a decision is required to establish the MPP. At 
such a time the experience of the navigator can be of great value. Judgment can be 
improved if the navigator will continually try to account for all apparent discrepan- 
cies, even under favorable conditions. If a navigator habitually analyzes the situa- 
tion whenever positional information is received, he will develop judgment as to the 
reliability of various types of information, and will learn something of the condi- 
tions under which certain types should be treated with caution. 

When complete positional information is lacking, or when the available infor- 
mation is considered of questionable reliability, the most probable position might 
well be considered an estimated position (EP). Such a position might be determined 
from a single line of position, from a line of soundings, from lines of position which 
are somewhat inconsistent, from a dead reckoning position with a correction for 
current or wind, etc. 

Whether the most probable position is a fix, running fix, estimated position, or 
dead reckoning position, it should be kept continually in mind, together with some 
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estimate of its reliability. The practice of continuing a dead reckoning plot from one 
good fix to another is advisable, whether or not information is available to indicate 
a most probable position differing from the dead reckoning position, for the DR plot 
provides an indication of current and leeway. A series of estimated positions may 
not be consistent because of the continual revision of the estimate as additional 
information is received. However, it is good practice to plot all MPP’s, and some- 
times to maintain a separate EP plot based upon the best estimate of track and 
speed being made good over the ground, for this should furnish valuable informa- 
tion to indicate whether the present course is a safe one. 

1016. Allowing for turning characteristics of vessel.— When precise piloting is 
necessary (as in an area where maneuvering space is limited, when a specified 
anchorage is approached, or when steaming in formation with other ships), the 
turning characteristics of the vessel should be considered. That is, a ship does not 
complete a turn instantaneously, but follows a curve the characteristics of which 
depend upon the vessel’s length, beam, underwater contour, draft, trim, rudder 
angle, speed, effects of wind and sea, etc. At the moment the rudder is put over, the 
vessel begins to follow a spiral path (fig. 1016a). This path becomes circular when 
the vessel has turned about 90°. The distance the vessel moves in the direction of 
the original course until the new course is reached is called advance. The distance 
the vessel moves perpendicular to the original course during the turn is called 
transfer. The tactical diameter is the distance gained to the right or left of the 
original course after a turn of 180° with a constant rudder angle. The final diame- 
ter is the diameter of a circle traversed by a vessel after turning through 360° and 
maintaining the same speed and rudder angle. This diameter is always less than 
the tactical diameter. It is measured perpendicular to the original course and 
between the tangents at the points where 180° and 360° of the turn have been 
completed. The vessel turns with its bow inside and its stern outside the tangent to 
the path of its center of gravity. The angle between the tangent to this path, the 
turning circle, and the centerline of the vessel is the drift angle. After the vessel 
has assumed its drift angle in a turn, the point on the centerline between the bow 
and the center of gravity at which the resultant of the velocities of rotation and 
translation is directed along the centerline is the pivot point. To an observer on 
board, the vessel appears to rotate about this point, which is normally at one-third 
to one-sixth of the distance from the bow to the center of gravity. 

The amount of advance and transfer for a given vessel depends primarily upon 
the amount of rudder used and the angle through which the ship is to be turned. 
The speed of the vessel has little effect. Figure 1016b is a simplified illustration of 
advance and transfer for a turn of less than 90°. This figure does not include the 
initial drift away from the center of turning due to a lateral force caused by rudder 
action. 

Allowance for advance and transfer is illustrated in the following example. 

Example (fig. 1016c).—A ship proceeding on course 100° is to turn 60° to the left 
to come on a range which will guide it up a channel. For a 60° turn and the amount 
of rudder used, the advance is 920 yards and the transfer is 350 yards. 

Required.—The bearing of flagpole “FP.”’ when the rudder is put over. 

Solution.—(1) Extend the original course line, AB. 

(2) At a perpendicular distance of 350 yards, the transfer, draw a line A'B' 
parallel to the original course line AB. The point of intersection, C, of A'B’ with the 
new course line (located by the range) is the place at which the turn is to be 


completed. 
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FicureE 1016a.—Turning circle. 


(3) From C draw a perpendicular, CD, to the original course line, intersecting it 
at: 

(4) From D measure the advance, 920 yards, back along the original course line. 
This locates E, the point at which the turn should be started. 

(5) The direction of “FP.” from E, 058°, is the bearing when the turn should be 
started. 

Answer.—B 058°. 

A frequently useful alternative procedure is the distance to new course 
method. From the vessel’s tactical characteristics, a table is constructed to indicate, 
for various course alterations, speeds, and rudder angles, the distance from the 
point where the rudder is put over to the intersection (fig. 1016d) of the original 
course line and the extension of the intended new course line. 
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FiGuRE 1016b.—Advance and transfer. 


Figure 1016c.—Allowing for advance and transfer. 


In application, the extension of the intended new course line is drawn to 


interse 


ct the original course line. The table is referred to to determine the distance 
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FicureE 1016d.—Distance to new course 
method. 


from this intersection to the point where the rudder should be put over. When the 
vessel reaches this point, the rudder is put over. 

Although the distance to new course method does not indicate where the vessel 
will be first on the new course line, it is simpler and faster to use than advance and 
transfer. However, practical considerations limit its use with course alterations 
greater than about 120°. 

1017. Turning bearing.—The turning bearing is the predetermined bearing toa 
charted object from that point on the original track at which the rudder must be 
put over in order to effect the desired turn. 

If the turning bearing is such that it is not nearly parallel to the predeter- 
mined course to which the vessel is turning, a large error may occur if the vessel is 
not on the intended track before the turn as shown in figure 1017a. 

In order to assist the navigator in revising the turn bearing so that the ship 
will end up on the approach course shown in figure 1017a, a technique known as the 
slide bar can be utilized. The slide bar consists of a short line representing the next 
course paralleled back to the predetermined turning point on the original course as 
shown in figure 1017b and allows the navigator to revise the turn bearing without 
having to recompute advance and transfer. By measuring the bearing from the 
object where the actual track intercepts the slide bar, the navigator can determine 
the revised turning bearing to keep the ship in the center of a narrow channel or 
on the intended track as shown in figure 1017b. This technique can also be revised 
for those situations when the navigator desires to remain left or right of the 
intended track. 

1018. Anchoring.—If a vessel is to anchor at a predetermined point, as in an 
assigned berth, an established procedure should be followed to insure accuracy of 
placing the anchor. Several procedures have been devised. The following is repre-_ 
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Figure 1017b.—Slide bar technique. 
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sentative (fig. 1018). The use of a turning bearing not nearly parallel to the prede- 
termined course, as in figure 1018, may result in a large error (art. 1017). 

The position selected for anchoring is located on the chart. The direction of 
approach is then determined, considering limitations of land, shoals, other vessels, 
etc. Where conditions permit, the approach should be made heading into the cur- 
rent or, if the wind has a greater effect upon the vessel, into the wind. It is 
desirable to approach from such direction that a prominent object, or preferably a 
range, is available dead ahead to serve as a steering guide. It is also desirable to 
have a range or prominent object near the beam at the point of letting go the 
anchor. If practicable a straight approach of at least 500 yards should be provided 
to permit the vessel to steady on the required course. The track is then drawn in, 
allowing for advance and transfer during any turns. 

Next, a circle is drawn with the selected position of the anchor as the center, 
and with a radius equal to the distance between the hawsepipe and pelorus, alidade, 
etc., used for measuring bearings. The intersection of this circle and the approach 
track, point A, is the position of the vessel (bearing-measuring instrument) at the 
moment of letting go. A number of arcs of circles are then drawn and labeled as 
shown in figure 1018. The desired position of the anchor is the common center of 
these arcs. The selected radii may be chosen at will. Those shown in figure 1018 
have been found to be generally suitable. In each case the distance indicated is from 
the small circle. Turning bearings may also be indicated. 

During the approach to the anchorage, fixes are plotted at frequent intervals, 
the measurement and plotting of bearings going on continuously, usually to the 
nearest half or quarter degree. The navigator advises the captain of any tendency of 
the vessel to drift from the desired track, so that adjustments can be made. The 
navigator also keeps the captain informed of the distance to go, to permit adjust- 
ment of the speed so that the vessel will be nearly dead in the water when the 
anchor is let go. 

At the moment of letting go, the position of the vessel should be determined as 
accurately as possible, preferably by two simultaneous horizontal sextant angles, or 
by simultaneous or nearly simultaneous bearings of a number of prominent land- 
marks. 

The exact procedure to use depends upon local conditions, number and training 
of available personnel, equipment, and personal preference of individuals con- 
cerned. Whatever the procedure, it should be carefully planned, and any needed 
advance preparations should be made early enough to avoid haste and the attend- 
ant danger of making a mistake. Teamwork is important. Each person involved 
should understand precisely what is expected of him. 

1019. Piloting and electronics.—Many of the familiar electronic aids to naviga- 
tion are used primarily in piloting. The radio direction finder provides bearings 
through fog and at greater distance from the aids. The sonic depth finder provides 
frequent or continuous soundings. Radar provides bearings, distances, and informa- 
tion on the location and identity of various targets. Some of the longer range 
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Ficure 1018.—Anchoring. 


systems such as Loran, Omega, and Decca extend piloting techniques far to sea, 
where nearness of shoals and similar dangers is not a problem. 

1020. Practical piloting.—In pilot waters navigation is primarily an art. It is 
essential that the principles explained in this chapter be mastered and applied 
intelligently. From every experience the wise navigator acquires additional knowl- 
edge and improves his judgment. The mechanical following of a set procedure 
should not be expected to produce satisfactory results always. 

While piloting, the successful navigator is somewhat of an opportunist, fitting 
his technique to the situation at hand. If a vessel is steaming in a large area having 
relatively weak currents and moderate traffic, like Chesapeake Bay, fixes may be 
obtained at relatively long intervals, with a dead reckoning plot between. In a 
narrow channel with swift currents and heavy traffic, an almost continuous fix is 
needed. In such an area the navigator may draw the desired track on the chart and 
obtain fixes every few minutes, or less, directing the vessel back on the track as it 
begins to drift to one side. 

If the navigator is to traverse unfamiliar waters, he studies the chart, sailing 
directions or coast pilot, tide and tidal current tables, and light lists to familiarize 
himself with local conditions. The experienced navigator learns to interpret the 
signs around him. The ripple of water around buoys and other obstructions, the 
direction and angle of tilt of buoys, the direction at which vessels ride at anchor, 
provide meaningful information regarding currents. The wise navigator learns to 
interpret such signs when the position of his vessel is not in doubt. When visibility 
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is poor, or available information is inconsistent, the ability developed at favorable 
times can be of great value. 

With experience, a navigator learns when a danger angle or danger bearing is 
useful, and what ranges are reliable and how they should be used. However famil- 
iar one is with an area, he should not permit himself to become careless in the 
matter of timing lights for identification, plotting his progress on a chart, or 
keeping a good recent position. Fog sometimes creeps in unnoticed, obscuring land- 
marks before one realizes its presence. A series of frequent fixes obtained while 
various aids are visible provides valuable information on position and current. 

Practical piloting requires a thorough familiarity with principles involved and 
local conditions, constant alertness, and judgment. A study of avoidable groundings 
reveals that in most cases the problem is not lack of knowledge, but failure to use 
or interpret available information. Among the more common errors are: 

1. Failure to obtain or evaluate soundings. 

2. Failure to identify aids to navigation. 

3. Failure to use available navigational aids effectively. 

4. Failure to correct charts. 

5. Failure to adjust a magnetic compass or maintain an accurate table of 
corrections. 

6. Failure to apply deviation, or error in its application. 

7. Failure to apply variation, or to allow for change in variation. 

8. Failure to check gyro and magnetic compass readings at frequent and regu- 
lar intervals. 

9. Failure to keep a dead reckoning plot. 

10. Failure to plot information received. 

11. Failure to properly evaluate information received. 

12. Poor judgment. 

13. Faiiure to do own navigating (following another vessel). 

14. Failure to obtain and use information available on charts and in various 
publications. 

15. Poor ship organization. 

16. Failure to “keep ahead of the vessel.” 

Further discussion on practical piloting is given in chapter XXIII. 


CHAPTER XI 


USE OF SEXTANT IN PILOTING 


1101. Introduction.—The marine sextant provides the most accurate means 
generally available to the mariner for fixing his position in confined waters. But 
following the widespread use of the highly reliable gyrocompass, the mariner’s use 
of the sextant for piloting has declined to such an extent that it is seldom if ever 
used by many. This is unfortunate because the sextant can be used to advantage in 
situations where other methods or tools, including the gyrocompass, are inadequate. 

The applications of the sextant during daylight in coastal waters, harbor ap- 
proaches, and more confined waters may be summarized as follows: 

1. fixing to make a safe transit of hazardous waters; 

. fixing to take a specific geographic position; 

. fixing to establish accurately the position of the anchor on anchoring; 
fixing to determine whether or not the ship is dragging anchor; 
using horizontal and vertical danger angles; 

using vertical angles to determine distance off; 

7. fixing to determine the positions of uncharted objects, or to verify the 
positions of charted features; 

8. using the sextant to evaluate the accuracy of navigation by other means. 

Because the use of the sextant has declined, many navigators, unfortunately, do 
not have the proficiency necessary to use it to advantage in those situations where 
other methods are inadequate. Proficiency in the use of the sextant can be invalu- 
able in situations where even a small error in either observing or plotting cross 
bearings can result in a grounding. 

1102. Three-point problem.—Normally, three charted objects are selected for 
measuring horizontal sextant angles to determine the observer’s position, one of the 
objects being common to each angular measurement. With simultaneous or nearly 
simultaneous measurements of the horizontal angles between each pair of charted 
objects, the observer establishes two circles of position. For each pair of objects, 
there is only one circle which passes through the two objects and the observer’s 
position. Thus, there are two circles, intersecting at two points as shown in figure 
1102a, which pass through the observer’s position at T. 

Since the observer knows that he is not at the intersection at B, he must be at 


Dorp ww 


T. 

The solution of what is known as the three-point problem is effected by placing 
the hairlines of the arms of a plastic three-arm protractor over the three observed 
objects on the chart as shown in figure 1102b. With the arms so placed, the center 
of the protractor disk is over the observer’s position on the chart at the time of the 
measurements. 

1103. Solution without three-arm protractor.—Although the conventional solu- 
tion of the three-point problem is obtained by placing the arms of a three-arm 
protractor over the three observed objects on the chart, the use of the protractor is 
not necessary. The use of the protractor may not be practicable because of limited 
room and facilities for plotting, as in a small open boat. Where a common charted 
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FicurE 1102a.—Solving the three-point problem. 


object cannot be used in the horizontal angle observations, a means other than the 
three-arm protractor must be employed to determine the position of the observer. 
Also, point fixes as obtained from the three-arm protractor can be misleading if the 
navigator has limited skill in evaluating the strengths of the three-point solutions. 

In plotting the three-point fix without a three-arm protractor, the procedure is 
to find the center of each circle of position, sometimes called circle of equal angle 
(fig. 1108a), and then, about such center, to strike an arc of radius equal to the 
distance on the chart from the circle center to one of the two objects through which 
the circle passes. The same procedure is applied to the other pair of objects to 
establish the fix at the intersection of the two arcs. 

Some of the methods for finding the center of a circle of equal angle are 
described in the following text. 

The center of the circle of equal angle lies on the perpendicular bisector of the 
baseline of the pair of objects. With the bisector properly graduated (fig. 1103b), one 
need only to place one point of the compasses at the appropriate graduation, the 
other point at one of the observed objects, and then to strike the circle of equal 
angle or an arc of it in the vicinity of the DR. 

The bisector can be graduated through calculation or by means of either the 
simple protractor or the three-arm protractor. 

As shown in figure 1103a when the observed angle is 90°, the center of the 
circle of equal angle lies at the center of the baseline or at the foot of the 
perpendicular bisector of the baseline. When the observed angle is less than 90°, for 
example 40°, the center of the circle lies on the perpendicular bisector on the same 
side of the baseline as the observer. When the observed angle is 26°34’, the center of 
the circle lies on the bisector at a distance from its foot equal to the distance 
between the two objects. When the observed angle is greater than 90°, the center of 
the circle lies on the perpendicular bisector on the side of the baseline opposite 
from the observer. The center for 100° is the same distance from the baseline as the 
center for 80°; the center for 110° is the same distance as the center for 70°, etc. 
These facts can be used to construct a nomogram for finding the distances of circles 
of equal angle from the foot of the perpendicular for various angles. : 
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Ficure 1102b.—Use of three-arm protractor. 


e central angle subtended by a chord is twice the angle with 
its vertex on the circle and subtended by the same chord. Therefore, when the 
observed horizontal angle is 30°, the central angle subtended by the baseline is 60°. 
Or, the angle at the center of the circle between the perpendicular bisector and the 
line in the direction of one of the observed objects is equal to the observed angle, or 
30° as shown in figure 1103c. The angle at the object between the baseline and the 
center of the circle on the bisector is 90° minus observed angle, or 60°. 

The 30° graduation can be located quickly using a suitable protractor as shown 
in figure 1103d. The placement of the protractor as shown in the upper part of the 
figure requires moving its center along the bisector until the straightedge passes 
through the object. The method shown in the lower part enables more rapid 
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Circle of equal angle (30°) 


FicureE 1103b.—Graduated perpendicular bisector. 


location of the 30° graduation because there is no need to slide the protractor after 
its center is placed over the object and the angle is set. 

1104. Split fix.—Occasions when a common charted object cannot be used in 
horizontal angle observations are not infrequent. On these occasions the mariner 
must obtain what is called a split fix through observation of two pairs of charted 
objects, with no object being common. As with the three-point fix, the mariner will 
obtain two circles of equal angle, intersecting at two points. As shown in figure 
1104, one of these two intersections will fix the observer’s position. 

1105. Conning aid.—Preconstructed circles of equal angle can be helpful in 
conning the vessel to a specific geographic position when fixing by horizontal : 
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angles. In one application, the vessel is conned to keep one angle constant, or 
nearly constant, in order to follow the circumference of the associated circle of 
equal angle to the desired position; the other angle is changing rapidly and is 
approaching the value for the second circle of equal angle passing through the 
desired position. 

1106. Strength of three-point fix.—Although an experienced hydrographer can 
readily estimate the strength of a three-point fix, and is able to select the objects 
providing the strongest fix available quickly, others often have difficulty in visualiz- 
ing the problem and may select a weak fix when strong ones are available. The 
following generally useful but not infallible rules apply to selection of charted 
objects to be observed: 

1. The strongest fix is obtained when the observer is inside the triangle formed 
by the three objects. And in such case the fix is strongest where the three objects 
form an equilateral triangle (fig. 1106, view A), the observer is at the center, and 
the objects are close to the observer. 

2. The fix is strong when the sum of the two angles is equal to or greater than 
180° and neither angle is less than 30°. The nearer the angles are equal to each 
other, the stronger is the fix (view B). 

3. The fix is strong when the three objects lie in a straight line and the center 
object is nearest the observer (view C). 

4. The fix is strong when the center object lies between the observer and a line 
joining the other two, and the center object is nearest the observer (view D). 

5. The fix is strong when two objects a considerable distance apart are in range 
and the angle to the third object is not less than 45° (view E). 

6. Small angles should be avoided as they result in weak fixes in most cases and 
are difficult to plot. However, a strong fix is obtained when two objects are nearly 
in range and the nearest one is used as the common object. The small angle must 
be measured very accurately, and the position of the two objects in range must be 
very accurately plotted. Otherwise, large errors in position will result. Such fixes 
are strong only when the common object is nearest the observer. The fix will 
become very weak when the observer moves to a position where the distant object is 


the common object (view F). 


Figure 1103c.—Circle of equal angle (30°). 
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Ficure 1103d.—Graduating perpendicular bisector. 
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Ficure 1104.—Split fix. 


7. A fix is strong when at least one of the angles changes rapidly as the vessel 
moves from one location to another. 

8. The sum of the two angles should not be less than 50°; better results are 
obtained when neither angle is less than 30°. 

9. Do not observe an angle between objects of considerably different elevation. 
Indefinite objects such as tangents, hill-tops, and other poorly defined or located 
points should not be used. Take care to select prominent objects such as major 
lights, church spires, towers or buildings which are charted and are readily distin- 
guished from surrounding objects. 

Beginners should demonstrate the validity of the above rules by plotting exam- 
ples of each and their opposites. It should be noted that a fix is strong if, in 
plotting, a slight movement of the center of the protractor moves the arms away 
from one or more of the stations, and is weak if such movement does not apprecia- 
bly change the relation of the arms to the three points. An appreciation of the 
accuracy required in measuring angles can be obtained by changing one angle 
about five minutes in arc in each example and noting the resulting shift in the 
plotted positions. 

The error of the three-point fix will be due to: 

1. error in measurement of the horizontal angles; 

2. error resulting from observer and observed objects not lying in a horizontal 
plane; 

3. instrument error; and 


4, plotting error. 
The magnitude of the error varies directly as the error in measurement, the 


distance of the common object from the observer, (D) and inversely as the sine 
function of the angle of cut (@). The magnitude of the error also depends upon the 


following ratios: 


320 USE OF SEXTANT IN PILOTING 


a View B 
View 


View C View D 


View E View F 


FicurE 1106.—Strengths of three-point fixes. 


1. The distance to the object to the left of the observer divided by the distance 
from this object to the center object (74). 


2. The distance to the object to the right of the observer divided by the distance 
from this object to the center object (72). 


Assuming that each horizontal angle has the same error (a), the magnitude of 
the error (£) is expressed in the formula 


a D 


= Vr +7224 Orr, cos 6, 
sin 6 


where error in measurement (a) is expressed in radians. 
The magnitude of the error (£) is expressed in the formula 
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where error in measurement (a) is expressed in minutes of arc. 

To avoid mistakes in the identification of charted objects observed, either a 
check bearing or a check angle should be used to insure that the objects used in 
observation and plotting are the same. 

1107. Avoiding the swinger.—Avoid a selection of objects which will result in a 
“revolver” or “swinger”; that is, when the three objects observed on shore and the 
ship are all on, or near, the circumference of a circle (fig. 1107). In such a case the 
ship’s position is indeterminate by three-point fix. 


B 


FicureE 1107.—Revolver or swinger. 


If bearings as plotted are affected by unknown and uncorrected compass error, 
the bearing lines may intersect at a point when the objects observed ashore and the 
ship are all on, or near, the circumference of a circle. 

1108. Cutting in uncharted objects.—To cut in or locate on the chart uncharted 
objects, such as newly discovered offshore wrecks or objects ashore which may be 
useful for future observations, proceed as follows: 

1. Fix successive positions of each ship or ship’s boat by three-point fixes, i.e., 
by horizontal sextant angles. At each fix, simultaneously measure the sextant angle 
between one of the objects used in the fix and the object to be charted (fig. 1108a). 
For more accurate results, the craft from which the observations are made should 
be either lying to or proceeding slowly. 


SHIP STATIONS 
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Me WRECK 


Figure 1108a.—Cutting in uncharted objects. 


2. For best results, the angles should be measured simultaneously. If verifica- 
tion is undertaken, the angles observed should be interchanged among observers. 
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3. The fix positions should be selected carefully to give strong fixes, and so that 
the cuts to the object will provide a good intersection at the next station taken for 
observations. A minimum of three cuts should be taken. 

An alternative procedure is to select observing positions so that the object to be 
charted will be in range with one of the charted objects used to obtain the three- 
point fix (fig. 1108b). The charted objects should be selected to provide the best 
possible intersections at the position of the uncharted object. 


SHIP STATIONS 


Figure 1108b.—On range method. 


1109. Horizontal and vertical danger angles.—A vessel proceeding along a 
coast may be in safe water as long as it remains a minimum distance off the beach. 
This information may be provided by any means available. One method useful in 
avoiding particular dangers is the use of a danger angle. Refer to figure 1109. A 
ship is proceeding along a coast on course line AB, and the captain wishes to 
remain outside a danger D. Prominent landmarks are located at M and N. A circle 
is drawn through M and WN and tangent to the outer edge of the danger. If X is a 
point on this circle, angle MXN is the same as at any other point on the circle 
(except that part between M and N). Anywhere within the circle the angle is larger 
and anywhere outside the circle it is smaller. Therefore, any angle smaller than 
MXN indicates a safe position and any angle larger than MXN indicates possible 
danger. Angle MXN is therefore a maximum horizontal danger angle. A minimum 
horizontal danger angle is used when a vessel is to pass inside an offlying danger, 
as at D’ in figure 1109. In this case the circle is drawn through M and N and 
tangent to the inner edge of the danger area. The angle is kept larger than MYN. If 
a vessel is to pass between two danger areas, as in figure 1109, the horizontal angle 
should be kept smaller than MXN but larger than M YN. The minimum danger 
angle is effective only while the vessel is inside the larger circle through M and N. 
Bearings on either landmark might be used to indicate the entering and leaving of 
the larger circle. A margin of safety can be provided by drawing the circles through 
points a short distance off the dangers. Any method of measuring the angles, or 
difference of bearing of M and N, can be used. Perhaps the most accurate is by 
horizontal sextant angle. If a single landmark of known height is available, similar 
procedure can be used with a vertical danger angle between top and bottom of the 
object. In this case the charted position of the object is used as the center of the 
circles. 

1110. Distance by vertical angle.—Table 9 provides means for determining the 
distance of an object of known height above sea level when the object lies beyond 
the sea horizon. The vertical angle between the top of the object and the visible 
(sea) horizon (the sextant altitude) is measured and corrected for index error and 
dip only. The table is entered with the difference in the height of the object and the 
height of the eye of the observer and the corrected vertical angle. The distance in 
nautical miles is taken directly from the table. 
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Figure 1109.—Horizontal danger angles. 


Table 39 provides means for determining the distance to an object lying within 
or short of the horizon when the height of the eye of the observer is known. The 
vertical angle between the waterline at the object and the visible (sea) horizon 
beyond is measured and corrected for index error. The table is entered with the 
corrected vertical angle and the height of the eye of the observer in feet; the 
distance in yards is taken directly from the table. 

Table 41 provides the solution of a plane right triangle having its right angle at 
the base of the observed object and its altitude coincident with the vertical dimen- 
sion of the observed object. The solutions are based upon the following simplifying 
assumptions: (1) the eye of the observer is at sea level, (2) the sea surface between 
the observer and the object is flat, (3) atmospheric refraction is negligible, and (4) 
the waterline at the object is vertically below the peak of the object. The error due 
to the height of the eye of the observer does not exceed 3 percent of the distance-off 
for sextant angles less than 20° and the height of eye less than one-third of the 
object height. The error due to the waterline not being below the peak of the object 
does not exceed 3 percent of the distance-off when the height of eye is less than one- 
third of the object height and the offset to the waterline from the base of the object 
is less than one-tenth of the distance off. Errors due to the earth’s curvature and 
atmospheric refraction are negligible for cases of practical interest. Use of table 41 is 
explained in article 503 of volume II. 

1111. Evaluation.—As time and conditions permit, it behooves the navigator to 
use the sextant to evaluate the accuracy of navigation by other means in pilot 
waters. Such accuracy comparisons tend to provide navigators with better apprecia- 
tion of the limitations of fixing by various methods in a given piloting situation. 


“CHAPTER XII 


TIDE AND CURRENT PREDICTIONS 


1201. Tidal effects.—The daily rise and fall of the tide, with its attendant flood 
and ebb of tidal current, is familiar to every mariner. He is aware, also, that at 
high water and low water the depth of water is momentarily constant, a condition 
called stand. Similarly, there is a moment of slack water as a tidal current reverses 
direction. As a general rule, the change in height or the current speed is at first 
very slow, increasing to a maximum about midway between the two extremes, and 
then decreasing again. If plotted against time, the height of tide or speed of a tidal 
current takes the general form of a sine curve. Sample curves, and more complete 
information about causes, types, and features of tides and tidal currents, are given 
in chapter XXXI. The present chapter is concerned primarily with the application 
of tides and currents to piloting, and predicting the tidal conditions that might be 
encountered at any given time. 

Although tides and tidal currents are caused by the same phenomena, the time 
relationship between them varies considerably from place to place. For instance, if 
an estuary has a wide entrance and does not extend far inland, the time of 
maximum speed of current occurs at about the mid time between high water and 
low water. However, if an extensive tidal basin is connected to the sea by a small 
opening, the maximum current may occur at about the time of high water or low 
water outside the basin, when the difference in height is maximum. 

The height of tide should not be confused with depth of water. For reckoning 
tides a reference level is selected. Soundings shown on the largest scale charts are 
the vertical distances from this level to the bottom. At any time the actual depth is 
this charted depth plus the height of tide. In most places the reference level is some 
form of low water. But all low waters at a place are not the same height, and the 
selected reference level is seldom the lowest tide that occurs at the place. When 
lower tides occur, these are indicated by a negative sign. Thus, at a spot where the 
charted depth is 15 feet, the actual depth is 15 feet plus height of tide. When the 
tide is three feet, the depth is 15+3=18 feet. When it is (—) 1 foot, the depth is 
15—1=14 feet. It is well to remember that the actual depth can be less than the 
charted depth. In an area where there is a considerable range of tide (the difference 
between high water and low water), the height of tide might be an important 
consideration in using soundings to assist in determining position, or whether the 
vessel is in safe water. 

One should remember that heights given in the tide tables are predictions, and 
that when conditions vary considerably from those used in making the predictions, 
the heights shown may be considerably in error. Heights lower than predicted are 
particularly to be anticipated when the atmospheric pressure is higher than 
normal, or when there is a persistent strong offshore wind. Along coasts where 
there is a large inequality between the two high or two low tides during a tidal day 
the height predictions are less reliable than elsewhere. 

The current encountered in pilot waters is due primarily to tidal action, but 
other causes are sometimes present. The tidal current tables give the best predic- 
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tion of total current, regardless of cause. The predictions for a river may be 
considerably in error following heavy rains or a drought. The effect of current is to 
alter the course and speed made good over the bottom. Due to the configuration of 
land (or shoal areas) and water, the set and drift may vary considerably over 
different parts of a harbor. Since this is generally an area in which small errors in 
position of a vessel are of considerable importance to its safety, a knowledge of 
predicted currents can be critical, particularly if the visibility is reduced by fog, 
snow, etc. If the vessel is proceeding at reduced speed, the effect of current with 
respect to distance traveled is greater than normal. Strong currents are particularly 
to be anticipated in narrow passages connecting larger bodies of water. Currents of 
more than five knots are encountered from time to time in the Golden Gate at San 
Francisco. Currents of more than 13 knots sometimes occur at Seymour Narrows, 
British Columbia. 

In straight portions of rivers and channels the strongest currents usually occur 
in the middle, but in curved portions the swiftest currents (and deepest water) 
usually occur near the outer edge of the curve. Countercurrents and eddies may 
occur on either side of the main current of a river or narrow passage, especially 
near obstructions and in bights. 

In general, the range of tide and the speed of tidal current are at a minimum 
upon the open ocean or along straight coasts. The greatest tidal effects are usually 
encountered in rivers, bays, harbors, inlets, bights, etc. A vessel proceeding along a 
coast can be expected to encounter stronger sets toward or away from the shore 
while passing an indentation than when the coast is straight. 

1202. Predictions of tides and currents to be expected at various places are 
published annually by the National Ocean Service. These are supplemented by 
eleven sets of tidal current charts (art. 1211), each set consisting of charts for each 
hour of the tidal cycle. On these charts the set of the current at various places in 
the area is shown by arrows, and the drift by numbers. Since these are average 
conditions, they indicate in a general way the tidal conditions on any day and 
during any year. They are designed to be used with tidal current diagrams (art. 
1211) or the tidal current tables (except those for New York Harbor, and Narragan- 
sett Bay, which are used with the tide tables). These charts are available for Boston 
Harbor, Narragansett Bay to Nantucket Sound, Narragansett Bay, Long Island 
Sound and Block Island Sound, New York Harbor, Delaware Bay and River, upper 
Chesapeake Bay, Charleston Harbor, San Francisco Bay, Puget Sound (northern 
part), and Puget Sound (southern part). Current arrows are sometimes shown on 
nautical charts. These represent average conditions and should not be considered 
reliable predictions of the conditions to be encountered at any given time. When a 
strong current sets over an irregular bottom, or meets an opposing current, ripples 
may occur on the surface. These are called tide rips. Areas where they occur 
frequently are shown on charts. 

Usually, the mariner obtains tidal information from tide and tidal current 
tables. However, if these are not available, or if they do not include information at 
a desired place, the mariner may be able to obtain locally the mean high water 
lunitidal interval or the high water full and change. The approximate time of high 
water can be found by adding either interval to the time of transit (either upper or 
lower) of the moon (art. 1902). Low water occurs approximately 4 tidal day (about 
612™) before and after the time of high water. The actual interval varies somewhat 
from day to day, but approximate results can be obtained in this manner. Similar 
information for tidal currents (lunicurrent interval) is seldom available. 
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1203. Tide tables for various parts of the world are published in four volumes 
by the National Ocean Service. Each volume is arranged as follows: 

Table 1 contains a complete list of the predicted times and heights of the tide 
for each day of the year at a number of places designated as reference stations. 

Table 2 gives differences and ratios which can be used to modify the tidal 
information for the reference stations to make it applicable to a relatively large 
number of subordinate stations. 

Table 3 provides information for use in finding the approximate height of the 
tide at any time between high water and low water. 

Table 4 is a sunrise-sunset table at five-day intervals for various latitudes from 
76°N to 60°S (40°S in one volume). 

Table 5 provides an adjustment to convert the local mean time of table 4 to 
zone or standard time. 

Table 6 (two volumes only) gives the zone time of moonrise and moonset for 
each day of the year at certain selected places. 

Certain astronomical data are contained on the inside back cover of each 
volume. 

Extracts from tables 1, 2, and 3 for the East Coast of North and South America 
are given in appendix L. 

1204. Tide predictions for reference stations.—The first page of appendix L is 
the table 1 daily predictions for New York (The Battery) for the first quarter of 
1975. As indicated at the bottom of the page, times are for Eastern Standard Time 
(+5 zone, time meridian 75°W). Daylight saving time is not used. Times are given 
on the 24-hour basis. The tidal reference level for this station is mean low water. 

For each day, the date and day of week are given, and the time and height of 
each high and low water are given in chronological order. Although high and low 
waters are not labeled as such, they can be distinguished by the relative heights 
given immediately to the right of the times. Since two high tides and two low tides 
occur each tidal day, the type of tide at this place is semidiurnal. The tidal day 
being longer than the civil day (because of the revolution of the moon eastward 
around the earth), any given tide occurs later from day to day. Thus, on Saturday, 
March 29, 1975, the first tide that occurs is the lower low water (—1.2 feet at 0334). 
The following high water (lower high water) is 4.9 feet above the reference level (a 
6.1 foot rise from the preceding low water), and occurs at 0942. This is followed by 
the higher low water (—0.9 feet) at 1547, and then the higher high water of 5.5 feet 
at 2206. The cycle is repeated on the following day with variations in height, and 
later times. 

Because of later times of corresponding tides from day to day, certain days have 
only one high water or only one low water. Thus, on January 17 high tides occur at 
1120 and 2357. The next following high tides are at 1154 on January 18 and 0029 on 
January 19. Thus, only one high tide occurs on January 18, the previous one being 
shortly before midnight on the seventeenth, and the next one occurring early in the 
morning of the nineteenth, as shown. 

1205. Tide predictions for subordinate stations.—The second page of appendix 
L is a page of table 2 of the tide tables. For each subordinate station listed, the 
following information is given: 

Number. The stations are listed in geographical order and given consecutive 
numbers. At the end of each volume an alphabetical listing is given, and for each 
entry the consecutive number is shown, to assist in finding the entry in table 2. 
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Place. The list of places includes both subordinate and reference stations, the 
latter being given in bold type. 

Position. The approximate latitude and longitude are given to assist in locating 
the station. The latitude is north or south, and the longitude east or west, depend- 
ing upon the letters (N, S, E, W) next above the entry. These may not be the same 
as those at the top of the column. 

Differences. The differences are to be applied to the predictions for the refer- 
ence station shown in bold capitals next above the entry on the page. Time and 
height differences are given separately for high and low waters. Where differences 
are omitted, they are either unreliable or unknown. 

The time difference is the number of hours and minutes to be applied to the 
time at the reference station to find the time of the corresponding tide at the 
subordinate station. This interval is added if preceded by a plus sign (+), and 
subtracted if preceded by a minus sign (—). The results obtained by the application 
of the time differences will be in the zone time of the time meridian shown directly 
above the difference for the subordinate station. Special conditions occurring at a 
few stations are indicated by footnotes on the applicable pages. In some instances, 
the corresponding tide falls on a different date at reference and subordinate sta- 
tions. 

Height differences are shown in a variety of ways. For most entries separate 
height differences in feet are given for high water and low water. These are applied 
to the height given for the reference station. In many cases a ratio is given for 
either high water or low water, or both. The height at the reference station is 
multiplied by this ratio to find the height at the subordinate station. For a few 
stations, both a ratio and difference are given. In this case the height at the 
reference station is first multiplied by the ratio, and the difference is then applied. 
An example is given in each volume of tide tables. Special conditions are indicated 
in the table or by footnote. Thus, a footnote on the second page of appendix L 
indicates that “Values for the Hudson River above George Washington Bridge are 
based upon averages for the six months May to October, when the fresh-water 
discharge is a minimum.” 

Ranges. Various ranges are given, as indicated in the tables. In each case this is 
the difference in height between high water and low water for the tides indicated. 

Example.—List chronologically the times and heights of all tides at Yonkers. 
(No. 1531) on January 2, 1975. 


Solution.— 

Date January 2, 1975 

Subordinate station Yonkers 

Reference station New York 

High water time difference (+) 1509" 

Low water time difference €s)n2102 

High water height difference (—) 0.8 ft. 

Low water height difference 0.0 ft. 

New York { Yonkers 

HW 2321 (1st) 4.6 ft. 0030 3.8 ft. 
LW 0516 (=) 0: 0rft: 0626 (—) 0.6 ft. 
HW 1138 4.9 ft. 1247 An lets 
LW 1749 (>) Osi 1859) ee (——) 0:9... 


1206. Finding height of tide at any time.—Table 3 of the tide tables provides 
means for determining the approximate height of tide at any time. It is based upon 
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the assumption that a plot of height versus time is a sine curve (art. 140, vol. ID). 
Instructions for use of the table are given in a footnote below the table, which is 
reproduced in appendix L. 

Example 1.—Find the height of tide at Yonkers (No. 1531) at 1000 on January 
2g 975: : 

Solution.—The given time is between the low water at 0626 and the high water 
at 1247 (example of art. 1205). Therefore, the tide is rising. The duration of rise is 
1247 —0626=6"21™. The range of tide is 4.1—(—0.6)=4.7 feet. The given time is 
247™ before high water, the nearest tide. Enter the upper part of the table with 
duration of rise 620™ (the nearest tabulated value to 621™), and follow the line 
horizontally to 2>45™ (the nearest tabulated value to 2547™). Follow this column 
vertically downward to the entry 1.8 feet in the line for a range of tide of 4.5 feet 
(the nearest tabulated value to 4.7 feet). This is the correction to be applied to the 
nearest tide. Since the nearest tide is high water, subtract 1.8 from 4.1 feet. The 
answer, 2.3 feet, is the height of tide at the given time. 

Answer.—Ht. of tide at 1000, 2.3 ft. A suitable form (fig. 1206a) is used to 
facilitate the solution. 

Interpolation in this table is not considered justified. 

It may be desired to know at what time a given depth of water will occur. In 
this case, the problem is solved in reverse. 

Example 2.—The captain of a vessel drawing 22 feet wishes to pass over a 
temporary obstruction near Days Point, Weehawken (No. 1521), having a charted 
depth of 21 feet, passage to be made during the morning of January 31, 1975. Refer 
to figure 1206b. 

Required.—The earliest time after 0800 that this passage can be made, allowing 
a safety margin of 2 feet. 

Solution.—The least acceptable depth of water is 24 feet, which is 3 feet more 
than the charted depth. Therefore, the height of tide must be 3 feet or more. At the 
New York reference station a low tide of (—)0.9 foot occurs at 0459, followed by a 
high tide of 4.9 feet at 1120. At Days Point the corresponding low tide is (—)0.9 foot 
at 0522, and the high tide is 4.6 feet at 1144. The duration of rise is 6522™, and the 
range of tide is 5.5 feet. The least acceptable tide is 3.0 feet, or 1.6 feet less than 
high tide. Enter the lower part of table 3 with range 5.5 feet and follow the 
horizontal line until 1.6 feet is reached. Follow this column vertically upward until 
the value of 2519" is reached on the line for a duration of 6°20™ (the nearest 
tabulated value to 6522"). The minimum depth will occur about 2°19™ before high 
water or at about 0925. 

Answer.—A depth of 24 feet occurs at 0925. 

If the range of tide is more than 20 feet, half the range (one third if the range 
is greater than 40 feet) is used to enter table 3, and the correction to height is 
doubled (tripled if one third is used). 

A diagram for a graphical solution is given in figure 1206c. Eye interpolation 
can be used if desired. The steps in this solution are as follows: 

1. Enter the upper graph with the duration of rise or fall. This is represented 
by a horizontal line. 

2. Find the intersection of this line and the curve representing the interval 
from the nearest Jow water (point A). 


3. From A, follow a vertical line to the sine curve of the lower diagram (point 
B). 
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TIDE AND CURRENT TABLES 
SRNC-USNA-NC&M-3161/31(1-71) 


NAVIGATION DEPARTMENT DIVISION OF NAVAL COMMAND AND MANAGEMENT 


COMPLETE TIDE TABLE 


Date oon cl). 


Substation Yonkers 


Reference Station i NewVorkeendgc®) =)" 4 eo 


HW Time Difference (+) 1h ogm 


LW Time Difference (+) 1h 19m 


Difference in height of HW (S/O8tG a Sal 8 


Difference in height of LW __9-0ft. 


Reference Station 


Substation 


Hwi_2821_ ___4.6ft. 0030 3.8ft. 


LW _0516_ (_) 0.6ft. 


0626 (—) 0.6ft. 


Hw _1138 4.9ft. 1247 4.1ft. 


Lw 1749 (—) 0.9ft. 1859 (—-) 0.9ft. 


HEIGHT OF TIDE AT ANY TIME 


Locality:__ Yonkers Time: _1000 Date: Jan. 2, 1975 


Duration of Rise or Fall: 6h 21m 


Time from Nearest Tide: 2h 47m 


Range of Tide: eUTitlweete ee = SS 


Height of Nearest Tide: Bel eee cee aT 


Corr. from Table 3: EPLStt eens ee get 


Height of Tide at: 1000 2olts 


Ficure 1206a.—U.S. Naval Academy tide form. 


4. From B, follow horizontally to the vertical line representing the range of tide 
(point C). 

5. Using C, read the correction from the series of curves. 

6. Add (algebraically) the correction of step 5 to the low water height, to find 
the height at the given time. 


330 TIDE AND CURRENT PREDICTIONS 


Draft 
22m 


[sais of tide 3 ft. 


——LEVEL OF DATUM 


Obstruction 
charted Clearance 2 ft. 
depth 
PAN Sites 


FicureE 1206b.—Height of tide required to pass clear of charted obstruction. 


The problem illustrated in figure 1206c is similar to that of example 1 given 
above. The duration of rise is 6"25™, and the interval from low water is 5"23™. The 
range of tide is 6.1 feet. The correction (by interpolation) is 5.7 feet. If the height of 
the preceding low tide is (—)0.2 foot, the height of tide at the given time is 
(—)0.2+5.7=5.5 feet. To solve example 2 by the graph, enter the lower graph and 
find the intersection of the vertical line representing 5.5 feet and the curve repre- 
senting 3.9 feet (the minimum acceptable height above low water). From this point 
follow horizontally to the sine curve, and then vertically to the horizontal line in 
the upper figure representing the duration of rise of 6°22". From the curve, deter- 
mine the interval 400". The earliest time is about 400™ after low water, or at 
about 0922. 

1207. Tidal current tables are somewhat similar to tide tables, but the coverage 
is less extensive, being given in two volumes. Each volume is arranged as follows: 

Table 1 contains a complete list of predicted times of maximum currents and 
slack, with the velocity (speed) of the maximum currents, for a number of reference 
stations. 

Table 2 gives differences, ratios, and other information related to a relatively 
large number of subordinate stations. 

Table 3 provides information for use in finding the speed of the current at any 
time between tabulated entries in tables 1 and 2. 

Table 4 gives the number of minutes the current does not exceed stated 
amounts, for various maximum speeds. 

Table 5 (Atlantic Coast of North America only) gives information on rotary 
tidal currents. 

Each volume contains additional useful information related to currents. Ex- 
tracts from the tables for the Atlantic Coast of North America are given in appen- 
dix M. 

1208. Tidal current predictions for reference stations.—The extracts of appen- 
dix M are for The Narrows, New York Harbor. Times are given on the 24-hour 
basis, for meridian 75°W. Daylight saving time is not used. 

For each day, the date and day of week are given, with complete current 
information. Since the cycle is repeated twice each tidal day, currents at this place 
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Figure 1206c.—Graphical solution for height of tide at any time. 
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are semidiurnal. On most days there are four slack waters and four maximum 
currents, two of them floods (F) and two of them ebbs (E). However, since the tidal 
day is longer than the civil day, the corresponding condition occurs later from day 
to day, and on certain days there are only three slack waters or three maximum 
currents. At some places, the current on some days runs maximum flood twice, but 
ebb only once, a minimum flood occurring in place of the second ebb. The tables 
show this information. 

As indicated by appendix M, the sequence of currents at The Narrows on 
Monday, February 3, 1975, is as follows: 

0000 Flood current, 5™ after maximum velocity (speed). 

0305 Slack, ebb begins. 

0621 Maximum ebb of 2.0 knots, setting 160°. 

1005 Slack, flood begins. 

1222 Maximum flood of 1.5 knots, setting 340°. 

1516 Slack, ebb begins. 

1889 Maximum ebb of 1.9 knots, setting 160°. 

2216 Slack, flood begins. 

2400 Flood current, 56™ before maximum velocity (speed). 

Only one maximum flood occurs on this day, the previous one having occurred 
5 minutes before the day began, and the following one predicted for 56 minutes 
after the day ends. 

1209. Tidal current predictions for subordinate stations.—For each subordi- 
nate station listed in table 2 of the tidal current tables, the following information is 
given: 

Number. The stations are listed in geographical order and given consecutive 
numbers, as in the tide tables (art. 1205). At the end of each volume an alphabetical 
listing is given, and for each entry the consecutive number is shown, to assist in 
finding the entry in table 2. 

Place. The list of places includes both subordinate and reference stations, the 
latter being given in bold type. 

Position. The approximate latitude and longitude are given to assist in locating 
the station. The latitude is north or south and the longitude east or west as 
indicated by the letters (N, S, E, W) next above the entry. The current given is for 
the center of the channel unless another location is indicated by the station name. 

Time difference. Two time differences are tabulated. One is the number of 
hours and minutes to be applied to the tabulated times of slack water at the 
reference station to find the times of slack waters at the subordinate station. The 
other time difference is applied to the times of maximum current at the reference 
station to find the times of the corresponding maximum current at the subordinate 
station. The intervals, which are added or subtracted in accordance with their signs, 
include any difference in time between the two stations, so that the answer is 
correct for the standard time of the subordinate station. Limited application and 
special conditions are indicated by footnotes. 

Velocity (speed) ratios. Speed of the current at the subordinate station is found 
by multiplying the speed at the reference station by the tabulated ratio. Separate 
ratios may be given for flood and ebb currents. Special conditions are indicated by 
footnotes. 

As indicated in appendix M, the currents at The Battery (No. 2375) can be 
found by adding 1°30™ for slack water and 1535™ for maximum current to the times 
for The Narrows, and multiplying flood currents by 0.9 and ebb currents Dyna 
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Applying these to the values for Monday, February 3, 1975, the sequence is as 
follows: 

0000 Flood current, 1"30™ before maximum velocity (speed). 

0130 Maximum flood of 1.8 knots, setting 015°. 

0435 Slack, ebb begins. 

0756 Maximum ebb of 2.4 knots, setting 195°. 

1135 Slack, flood begins. 

1357 Maximum flood of 1.4 knots, setting 015°. 

1646 Slack, ebb begins. 

2014 Maximum ebb of 2.3 knots setting 195°. 

2346 Slack, flood begins. 

2400 Flood current, 14™ after slack. 

1210. Finding speed of tidal current at any time.—Table 3 of the tidal current 
table provides means for determining the approximate velocity (speed) at any time. 
Instructions for its use are given beiow the table, which is reproduced in appendix 
M. 

Example 1.—Find the speed of the current at The Battery at 1500 on February 
3, 1975. 

Solution.—The given time is between the maximum flood of 1.4 knots at 13857 
and the slack at 1646 (art. 1209). The interval between slack and maximum current 
(1646 — 1357) is 2849™. The interval between slack and the desired time (1646—1500) 
is 1°46™. Enter the table (A) with 2540™ at the top, and 1°40™ at the left side (the 
nearest tabulated values to 2°49™ and 1°46™, respectively), and find the factor 0.8 in 
the body of the table. The approximate speed at 1500 is 0.8 1.4=1.1 knots, and it is 
flooding. 

Answer.—Speed 1.1 kn. A suitable form (fig. 1210) is used to facilitate the 
solution. 

It may be desired to determine the period during which the current is less (or 
greater) than a given amount. Table 4 of the tidal current tables can be used to 
determine the period during which the speed does not exceed 0.5 knot. For greater 
speeds, and for more accurate results under some conditions, table 3 of the tidal 
current tables can be used, solving by reversing the process used in example 1. 

Example 2.—During what period on the evening of February 3, 1975, does the 
ebb current equal or exceed 1.0 knot at The Battery? 

Solution.—The maximum ebb of 2.3 knots occurs at 2014. This is preceded by a 
slack at 1646, and followed by the next slack at 2346. The interval between the 
earlier slack and the maximum ebb is 3528™, and the interval between the ebb and 
following slack is 3832™. The desired factor is: 


1.0 


=0.4. 
2.3 


Enter table A with 3520™ (the nearest tabulated value to 3°28™) at the top, and 
follow down the column to 0.4 (midway between 0.3 and 0.5). At the left margin the 
interval between slack and the desired time is found to be 0°50™ (midway between 
0240™ and 1400"). Therefore, the current becomes 1.0 knot at 1646+ 0°50™=1736. 
Next, enter table A with 3'40™ (the nearest tabulated value to 3532™) at the top, 
and follow down the column to 0.4. Follow this line to the left margin, where the 
interval between slack and desired time is found to be 100™. Therefore, the current 
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NAVIGATION DEPARTMENT DIVISION OF NAVAL COMMAND AND MANAGEMENT 


COMPLETE CURRENT TABLE 


4 


Locality: The Battery Date: Feb. 3, 1975 


Reference Station; The Narrows 


Time Difference: | Slack Water: (+) 1 30m 
Maximum Current: _(+) 1h 35m 

Velocity Ratio: Maximum Flood: 0.9 
Maximum Ebb: 


Flood Direction: 
Ebb Direction: 


Reference Station: The Narrows Locality: The Battery 


0000 
0130 
0435 
0756 
1135 
1357 
1646 
2014 
2346 
2400 


VELOCITY OF CURRENT AT ANY TIME 


Int. between slack and desired time: 1h 46m 
Int. between slack and maximum current: 2h 4gm 
Maximum current: 1.4kn 
Factor, Table 3 0.8 
Velocity: 1.1kn 
Direction: 015° 


DURATION OF SLACK 


Times of maximum current: 

Maximum current: 

Desired maximum: 

Period — Table 4: 

Sum of periods: 

Average period: 

Time of slack: 

Duration of slack: From: 1115 OpmmelLOD 


Ficure 1210.—U.S. Naval Academy tidal current form. 


is 1.0 knot or greater until 2346—1"00™=2246. If the two intervals between maxi- 
mum current and slack were nearest the same 20™ interval, table A would have to 
be entered only once. 

Answer.—The speed equals or exceeds 1.0 knot between 1736 and 2246. 

The predicted times of slack water given in the tidal current tables indicate the 
instant of zero velocity. There is a period each side of slack water, however, during 
which the current is so weak that for practical purposes it may be considered as 
negligible. Table 4 of the tidal current tables gives, for various maximum currents, - 
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the approximate period of time during which weak currents not exceeding 0.1 to 0.5 
knot will be encountered. This duration includes the last of the flood or ebb and the 
beginning of the following flood or ebb, that is, half of the duration will be before 
and half after the time of slack water. 

When there is a difference between the velocities of the maximum flood and 
ebb preceding and following the slack for which the duration is desired, it will be 
sufficiently accurate for practical purposes to find a separate duration for each 
maximum velocity and take the average of the two as the duration of the weak 
current. 

Of the two subtables of table 4, table A should be used for all places except 
those listed for table B; table B should be used for all places listed, and all stations 
in table 2 which are referred to them. 

Example 3.—Find the period from just before until just after the slack at The 
Battery at 1185 on February 3, 1975, that the current does not exceed 0.3 kn. 

Solution.—Refer to table 4. Table A of table 4 of the tidal current tables is 
entered with the maximum current before the slack to find the period during which 
the current does not exceed 0.3 kn. Since there is a difference between the velocities 
of the maximum ebb and flood preceding and following the slack for which the 
duration is desired, table A is re-entered with the maximum current after the slack 
to find the period during which the current does not exceed 0.3 kn. The average of 
the two values so found is taken as the duration of the weak current. The form 
shown in figure 1210 is used to facilitate the solution. 

Answer.—Duration 40 min. (from 1115 to 1155). 

1211. Tidal current charts present a comprehensive view of the hourly speed 
and direction of the current in 11 bodies of water (art. 1202). They also provide a 
means for determining the speed and direction of the current at various localities 
throughout these bodies of water. The arrows show the direction of the current; the 
figures give the speed in knots at the time of spring tides, that is, during the time 
of new or full moon when the currents are stronger than average. When the 
current is given as weak, the speed is less than 0.1 knot. The decimal point locates 
the position of the station. 

The charts depict the flow of the tidal current under normal weather condi- 
tions. Strong winds and freshets, however, bring about nontidal currents which may 
modify considerably the speed and direction shown on the charts. 

The speed of the tidal current varies from day to day principally in accordance 
with the phase, distance, and declination of the moon. Therefore, to obtain the 
speed for any particular day and hour, the spring speeds shown on the charts must 
be modified by correction factors. A correction table given in the charts can be used 
for this purpose. 

The tidal current diagrams are a series of 12 monthly diagrams to be used with 
the tidal current charts. There is one diagram for each month of the year. A new 
set of diagrams must be used each year. The diagrams are computer constructed 
lines that locate each chart throughout all hours of every month. The diagrams 
indicate directly the chart and the speed correction factor to use at any desired 
time. 

1212. Current diagrams.—A current diagram is a graph showing the speed of 
the current along a channel at different stages of the tidal current cycle. The 
current tables include such diagrams for Vineyard and Nantucket Sounds (one 
diagram); East River, New York; New York Harbor; Delaware Bay and River (one 
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diagram); and Chesapeake Bay. The diagram for New York Harbor is reproduced in 
appendix M. 

On this diagram each vertical line represents a given instant identified in 
terms of the number of hours before or after slack at The Narrows. Each horizontal 
line represents a distance from Ambrose Channel Entrance, measured along the 
usually traveled route. The names along the left margin are placed at the correct 
distances from Ambrose Channel Entrance. The current is for the center of the 
channel opposite these points. The intersection of any vertical line with any hori- 
zontal line represents a given moment in the current cycle at a given place in the 
channel. If this intersection is in a shaded area, the current is flooding; if in an 
unshaded area, it is ebbing. The speed in knots can be found by interpolation (if 
necessary) between the numbers given in the body of the diagram. The given values 
are averages. To find the value at any given time, multiply the speed found from 
the diagram by the ratio of maximum speed of the current involved to the maximum 
shown on the diagram, both values being taken for The Narrows. If the diurnal 
inequality is large, the accuracy can be improved by altering the width of the 
shaded area to fit conditions. The diagram covers 1% current cycles, so that the 
right-hand third is a duplication of the left-hand third. 

If the current for a single station is desired, table 1 or 2 should be used. The 
current diagrams are intended for use in either of two ways: First, to determine a 
favorable time for passage through the channel. Second, to find the average current 
to be expected during any passage through the channel. For both of these uses a 
number of ‘‘speed lines” are provided. When the appropriate line is transferred to 
the correct part of the diagram, the current to be encountered during passage is 
indicated along the line. 

Example.—During the morning of January 8, 1975, a ship is to leave Pier 83 at 
W. 42nd St., and proceed down the bay at 10 knots. 

Required.—(1) Time to get underway to take maximum advantage of a favor- 
able current, allowing 15 minutes to reach mid channel. 

(2) Average speed over the bottom during passage down the bay. 

Solution.—(1) Transfer the line (slope) for 10 knots southbound to the diagram, 
locating it so that it is centered on the unshaded ebb current section between W. 
42nd St. and Ambrose Channel Entrance. This line crosses a horizontal line through 
W. 42nd St. about one-half of the distance between the vertical lines representing 3 
and 2 hours, respectively, after ebb begins at The Narrows. The setting is not 
critical. Any time within about half an hour of the correct time will result in about 
the same current. Between the points involved, the entire speed line is in the ebb 
current area. 

(2) Table 1 indicates that on the morning of January 3 ebb begins at The 
Narrows at 0132. Two hours twenty-eight minutes after ebb begins, the time is 0400. 
Therefore, the ship should reach mid channel at 0400. It should get underway 15 
minutes earlier, at 0345. 

(3) To find the average current, determine the current at intervals (as every 2 
miles), add, and divide by the number of entries. 
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Dis- Cur- 
tance rent 
18 12 
16 1.4 
14 1.9 
12 1.5 
10 2.0 
8 1.9 
6 1.3 
4 12 
2 1.4 
0 1:2 
sum 15.0 


The sum of 15.0 is for 10 entries. The average is therefore 15.0-—-10=1.5 knots. 
(4) This value of current is correct only if the ebb current is an average one. 
From table 1 the maximum ebb involved is 2.2 knots. From the diagram the 
maximum value at The Narrows is 2.0 knots. Therefore, the average current found 
in step (3) should be increased by the ratio 2.2+2.0=1.1. The average for the run is 
therefore 1.5 1.1=1.6 knots. Speed over the botton is 10+1.6=11.6 knots. 

Answers.—(1) T 0845, (2) S 11.6 kn. 

In the example, an ebb current is carried throughout the run. If the transferred 
speed line had been partly in a flood current area, all ebb currents (those increasing 
the ship’s speed) should be given a positive sign (+), and all flood currents a 
negative sign (—). A separate ratio should be determined for each current (flood or 
ebb), and applied to the entries for that current. In Chesapeake Bay it is not 
unusual for an outbound vessel to encounter three or even four separate currents 
during passage down the bay. Under the latter condition, it is good practice to 
multiply each current taken from the diagram by the ratio for the current involved. 

If the time of starting the passage is fixed, and the current during passage is 
desired, the starting time is identified in terms of the reference tidal cycle. The 
speed line is then drawn through the intersection of this vertical time line and the 
horizontal line through the place. The average current is then determined in the 
same manner as when the speed line is located as described above. 


Problems 


1202. The mean high water lunitidal interval at a certain port is 2'17™. 

Required.—The approximate times of each high and low water on a day when 
the moon transits the local meridian at 1146. 

Answers.—HW at 0139 and 1403, LW at 0751 and 2015. 

1204. List chronologically the times and heights of all tides at New York (The 
Battery) on February 11, 1975. 


Answer.— 
Time Tide - Height 
0222 LW (=A ft: 
0829 HW 4.6 ft. 
1449 LW (—) 0.6 ft. 
2053 HW Anke 


1205. List chronologically the times and heights of all tides at Castle Point, 
Hoboken, N.J. (No. 1519) on March 18, 197 5. 
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Answer.— 
Time Tide Height 
0533 LW 0: 2itt, 
1141 . HW Bi sagy 
1724 LW 0.3 ft. 
00038 HW 4.1 ft. 


1206a. Find the height of tide at Union Stock Yards, New York (No. 1528) at 
0600 on February 6, 1975. 
Answer.—Ht. of tide at 0600, 3.8 ft. 
1206b. The captain of a vessel drawing 24 feet wishes to pass over a temporary 
obstruction near Bayonne, N.J. (No. 1505) having a charted depth of 23 feet, passage 
to be made during the afternoon of March 5, 1975. 
Required.—The earliest and latest times that the passage can be made, allow- 
ing a safety margin of 2 feet. 
Answers.—Earliest time 1316, latest time 1531. 
1208. Determine the sequence of currents at The Narrows on January 15, 1975. 
Answer.— 
0000 Ebb current, 42™ after slack. 
0231 Maximum ebb of 1.9 knots. 
0557 Slack, flood begins. 
0822 Maximum flood of 1.7 knots. 
1187 Slack, ebb begins. 
1455 Maximum ebb of 2.1 knots. 
1836 Slack, flood begins. 
2051 Maximum flood of 1.5 knots. 
2400 Flood current, 2™ before slack. 
1209. Determine the sequence of currents at Ambrose Channel Entrance (No. 
2310) on January 12, 1975. 
Answer.— 
0000 Ebb current, 42™ after maximum velocity (speed). 
0241 Slack, flood begins. 
0533 Maximum flood of 2.0 knots, setting 310°. 
0828 Slack, ebb begins. 
1155 Maximum ebb of 2.5 knots. 
1527 Slack, flood begins. 
1801 Maximum flood of 1.5 knots, setting 310°. 
2040 Slack, ebb begins. 
2400 Ebb current, 3™ before maximum velocity (speed). 
1210a. Find the speed of the current at Bear Mountain Bridge (No. 2445) at 
0900 on February 19, 1975. 
Answer.—Speed 0.8 kn. 
1210b. At about what time during the afternoon of February 3, 1975, does the 
flood current northwest of The Battery (No. 2375) reach a speed of 1.0 knot? 
Answer.—T 1245. 
1212. A vessel arrives at Ambrose Channel Entrance 2 hours after flood begins 
at The Narrows on the morning of February 16, 1975. 
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Required.—(1) The speed through the water required to take fullest advantage 
of the flood tide in steaming to Chelsea Docks. 

(2) The average current to be expected. 

(8) Estimated time of arrival off Chelsea Docks. 

Answers.—(1) S 9 kn., (2) S 1.4 kn., (8) ETA 1035. 


CHAPTER XII 


SAILING DIRECTIONS AND LIGHT LISTS 


1301. Introduction.—Sailing directions (pilots) and light lists provide the infor- 
mation that cannot be shown graphically on the nautical chart and that is not 
readily available elsewhere. In pilot waters, the prudent navigator makes effective 
use of all three tools: the nautical chart, sailing directions, and light lists. He does 
not use one to the exclusion of the others. 


Sailing Directions 


1302, Format.—The format of the 70 volumes of the sailing directions produced 
by the Defense Mapping Agency Hydrographic/Topographic Center prior to 1971 
was such that each volume, as it related to specific foreign areas, provided detailed 
descriptions of coasts, channels, dangers, aids, winds, currents, tides, port facilities, 
signal systems, pilotage, instructions for approaching and entering harbors, as well 
as a variety of other material required by mariners. This format differed little from 
sailing directions of centuries past. There were the same geographic divisions and 
lengthy descriptions of approaches or harbors even though improved charts had 
obviated the necessity for such detail. 

In the earlier format the limited geographic coverage of a given volume pre- 
cluded inclusion of important information pertaining to transoceanic passages. 

Using a new format, the Defense Mapping Agency Hydrographic/Topographic 
Center is replacing the previous 70 volumes with 47 volumes: 37 Sailing Directions 
(Enroute) and 10 Sailing Directions (Planning Guide). Port facilities data is con- 
tained in Pub. No. 150, World Port Index. 

The old sailing directions described and located features by bearing and dis- 
tance from previously described landmarks and formed a maze of descriptive hy- 
drography covering the coasts of the world. Sometimes, the description amounted to 
a mass of verbosity, especially when it pertained to an archipelago. The new Index- 
Gazetteer, listing each feature by its coordinates, eliminates the need for lengthy, 
unwieldy descriptive text. Another innovation is the fact that the features described 
are referred to in the text by page numbers rather than by the chapter-paragraph 
method used in the old sailing directions. 

1303. Sailing Directions (Planning Guide).—Each of the Sailing Directions 
(Planning Guide) contains five chapters, the titles of which are shown in figure 
13038a. 

The Planning Guides are relatively permanent because of the nature of the 
material they contain. The Sailing Directions (Enroute) must be updated by rela- 
tively frequent new editions, and so must the World Port Index. 

The new sailing directions are designed to assist the navigator in planning a 
voyage of any extent, particularly if it involves an ocean passage. Each of the 
Sailing Directions (Planning Guide) covers one of the world’s great land-sea areas 
based on an arbitrary division of the world’s seaways into eight “ocean basins” as 
shown in figure 1303b. i 
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Chapter 1 of the Planning Guide, couNTRIEs, contains useful information about 
all of the countries adjacent to the particular ocean basin being covered by one of 
the 10 publications. This is the chapter concerned with pratique, pilotage, signals, 
and pertinent regulations for shipping. A treatment of Search and Rescue includes 


graphics showing all lifesaving stations and radio stations open to public corre- 
spondence. 


CHAPTER 
1]. COUNTRIES Governments 
Regulations 
Search & Rescue 
Communications 
Signals 
2. OCEAN BASIN Oceanography 
ENVIRONMENT Magnetic Disturbances 
Climatology 
3. WARNING AREAS Operating Areas, Firing Areas 
Reference Guide to Warnings 
and Cautions 
4. OCEAN ROUTES Route Chart & Text 


Traffic Separation Schemes 


5. NAVAID SYSTEMS Electronic Navigation Systems 
Systems of Lights & Buoyage 


FigurE 1303a.—Table of contents of Sailing Directions (Planning Guide). 


Chapter 2 of the Planning Guide, OCEAN BASIN ENVIRONMENT, contains impor- 
tant information relative to the physical environment of an ocean basin. It consists 
of Ocean Summaries and local coastal phenomena not found in referenced atlases, 
and provides the mariner with general, concise information concerning the physical 
forces he must consider in planning a route. 

Chapter 3 of the Planning Guide, WARNING AREAS, includes firing danger areas 
published in foreign sailing directions and not already shown on nautical charts or 
in other Defense Mapping Agency Hydrographic/ Topographic Center publications. 
A graphic key identifies Submarine Operating Areas. References are made to 
publications and periodicals which list danger areas, for example Notice to Mariners 
No. 1 which gives an annual listing of Atlantic and Pacific danger areas. General 
cautions pertinent to navigation are given. 

In Chapter 4 of the Planning Guide, RouTES, the recommended steamship 
routes are described and shown graphically. To facilitate planning, the new publica- 
tion shows entire routes as they originate from all major U.S. ports and naval bases 
and terminate at foreign ports in the Planning Guide area. The new concept is in 
sharp contrast to the localized method used in the old sailing directions. Chapter 4 
also includes all applicable Traffic Separation Schemes. 

The Planning Guide concludes with Chapter 5, NAVAID SYSTEMS. In keeping 
with the principles of the new concept, all radionavigation systems pertaining to 
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FiGurE 1303b.—Division of world’s great land-sea areas into eight ocean basins. 


the ocean area are described. The national and international systems of lights, 
beaconage, and buoyage are also described and illustrated. 

1304. Sailing Directions (Enroute).—Each volume of the Sailing Directions (En- 
route) is divided into numbered sectors. Figure 1304a shows a portion of the sectors 
covered by one of the two Sailing Directions (Enroute) covering the English Chan- 
nel. Figure 1304b illustrates a typical table of contents for a sector. 

Chart Information, the first subtitle in the sample table of contents, refers to a 
graphic key to charts pertaining to a sector. Figure 1304c is an actual sample of the 
graphic key for Sector ‘1, “English Channel—Scilly Isles to Start Point.” The grad- 
uation of the border scale of the chartlet in five-minute increments enables naviga- 
tors to quickly identify the largest scale chart for a location and to find a feature 
listed in the publications Index-Gazetteer. 

The Index-Gazetteer is simply an alphabetical listing, including both described 
features and charted features. Each feature is listed with its geographic coordinates 
and sector number for use with the graphic key. Only features mentioned in the 
text are given a page number. 

Coastal Winds and Currents, the second subtitle in the table of contents, refers 
to a graphic depicting coastal winds, weather, tides, and currents. Figure 1304d is a 
reproduction of the graphic for a sector covering the coast of Libya and which 
appears in one of the new Sailing Directions (Enroute). In the new format all of the 
information previously scattered throughout a chapter of the old sailing directions 
is given on a single graphic to facilitate use by navigators. 

Outer Dangers, the third subtitle in the table of contents, refers to that part of 
Sector 1 which describes dangers to navigation in the outer portion of a harbor, bay, 
river, etc. In the old format all dangers, both inner and outer, were described at 
length. In the new format the outer dangers are fully described, but inner dangers 
which are well-charted are for the most part omitted. The greatest offshore distance- 


=e 


SAILING DIRECTIONS AND LIGHT LISTS 343 


Tle d’Ouessant, 


Figure 1304a.—Typical diagram of sector limits. 


SECTOR 1 
CHART INFORMATION GRAPHIC 
COASTAL WINDS & CURRENTS GRAPHIC 


OUTER DANGERS 
COASTAL FEATURES 
ANCHORAGES (COASTAL) 
MAJOR PORTS 
—Directions; Landmarks; Navaids; Depths; 
Limitations; Restrictions; Pilotage; Regulations; 


Winds; Tides; Currents; Anchorages 


Ficure 1304b.—Typical table of contents of Sailing Directions (Enroute). 


of the 20-meter (10-fathom) curve, or other appropriate curve, is stated. Numerous 
offshore dangers, grouped together, are mentioned only in general terms. Dangers 


adjacent to a coastal passage or fairway are described along with supplementary 


information to ensure safe passage. 
Coastal Features, the fourth subtitle in the table of contents, consists of both 


text and graphics and includes information in geographical sequence that supple- 
ments the charted landmarks, aids to navigation, salient points, fringing reefs, 
shoals, river mouths, coastal islets, inlets, and bays. In compiling this section it is 
t the majority of ships have radar and, hence, annotated radarscope 
have been included whenever possible. Aerial and surface views of 
proaches are included to aid mariners in identifying features. Where 
features are described in the text. 


assumed tha 
photographs 
harbors and ap 
no photographs or sketches are available, 


344 SAILING DIRECTIONS AND LIGHT LISTS 
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Seven Stones : + 
ISLES 
Be 
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SCILLY q-& 
*e 


(SEE SECTOR 2) 


ENGLISH CHANNEL 


GENERAL CHART 36000 


5° 


Additional chart coverage may be found in CATP2 Catalog of Nautical Charts. 


FiGuRE 1304c.—Graphic key to charts within a sector. 


Anchorages, the fifth subtitle in the table of contents, describes in geographical 
sequence all coastal anchoring information pertaining to a sector. A tabulated 
listing of these anchorages is included in an appendix at the back of the book. 

Major Ports, the sixth and final subtitle in the table of contents, gives specific 
information for the major seaports within a sector. In keeping with the precepts of 
the new format every effort is made to limit such information to essential facts, 
thus permitting a significant reduction in the textual material presented. An exam- 
ple is the use of graphic directions for entering a particular port. These graphic 
directions consist of an annotated chartlet with line drawings of aids to navigation 
and prominent landmarks. Orientation photos may be included. Port facilities are 
given in the World Port Index. 

1305. United States Coast Pilots published by the National Ocean Service sup- 
plement the navigational information shown on nautical charts. These sailing 
directions for United States coastal and intracoastal waters provide information 
that cannot be shown graphically on nautical charts and that is not readily avail- 
able elsewhere. Coast Pilot subjects include navigation regulations, outstanding 
landmarks, channel and anchorage peculiarities, dangers, weather, ice, freshets, 
routes, pilotage, and port facilities. 

Each of the eight Coast Pilots is corrected through the dates of Notice to 
Mariners shown on the title page, and should not be used without reference to the 
Notices to Mariners issued subsequent to those dates. 

The Great Lakes Pilot, also published by the National Ocean Service, provides 
similar information for the Great Lakes. Distances given in this publication are 
expressed in statute miles. 
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Light Lists 


1306. Light lists furnish more complete information concerning aids to naviga- 
tion than can be conveniently shown on charts. They are not intended to be used 
for navigation in place of charts.and sailing directions (pilots), and should not be so 
used. The charts should be consulted for the location of all aids to navigation. It 
may be dangerous to use aids to navigation without reference to charts. Likewise, 
the charts should not be used without reference to the more detailed information 
given in the light list, even during daylight. For example: Only the light list may 
reveal that certain channel buoys are actually located some 50 yards beyond the 
charted channel limits. Or, only the light list may reveal that a certain charted 
lighted buoy with a radar reflector is replaced by a nun buoy when endangered by 
ice. Since this replacement is indicated in the light list, it would not normally be 
included in Notice to Mariners. 

Light lists give detailed information regarding navigational lights and sound 
signals. The U. S. Coast Guard Light List for the United States and its possessions, 
including the Intracoastal Waterway, the Great Lakes (both United States and 
certain aids on Canadian shores), and the Mississippi River and its navigable 
tributaries also gives information on unlighted buoys, radiobeacons, radio direction 
finder calibration stations, daybeacons, racons, and Loran stations. The Light List 
does not include aeronautical lights. 

In addition to information on lighted aids to navigation and sound signals, the 
DMAHTC List of Lights for coasts other than the United States and its possessions 
provides information on storm signals, signal stations, racons, radiobeacons, and 
radio direction finder calibration stations located at or near lights. However, for 
detailed information on radio aids the navigator should refer to Pubs. Nos. 117A 
and 117B, Radio Navigational Aids. The List of Lights does not include information 
on lighted buoys in harbors. Those aeronautical lights situated near the coast are 
listed in the List of Lights in order that the marine navigator may be able to obtain 
more complete information concerning their description. However, it should be 
borne in mind that these lights are not designed or maintained for marine naviga- 
tion, and they are subject to changes of which the marine navigator may not 
receive prompt notification. 

Within each volume of the Light List aids to navigation are listed in geographic 
order from north to south along the Atlantic coast, from east to west along the gulf 
coast, and from south to north along the Pacific coast. Seacoast aids are listed first, 
followed by entrance and harbor aids listed from seaward to the head of navigation. 
In volumes I and II, Intracoastal Waterway aids are listed last and in geographic 
order from north to south along the Atlantic coast and south to north and east to 
west along the gulf coast. 

The introductions to the light lists contain useful information pertaining to the 
contents which should be carefully studied by the user. In addition to the notes in 
the remarks columns of the lists, the user should be sure to refer to all other notes, 
such as those which may be given near the head of the location column. 

The U.S. Coast Guard Light List is published in five volumes; the DMAHTC 
List of Lights is published in seven volumes. The data in both lists are corrected 
through the Notice to Mariners specified in the preface of each volume. For exam- 
ple, the 1984 edition of Pub. 116, List of Lights and Fog Signals for the Baltic Sea 
cancels the previous edition of Pub. 116. The new edition contains information 
available to DMAHTC up to January 28, 1984, including Notice to Mariners No. 4 of 
1984. Corrections which have accumulated since the latter date are included in 
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section II weekly. All of these corrections should be applied in the appropriate places 
and their insertion noted in the “Record of Corrections.” 

1307. Visual range of lights.—Usually a navigator wants to know not only the 
identity of a light, but also the area in which he might reasonably expect to observe 
it. His track is planned to take him within range of lights which can prove useful 
during periods of darkness. If lights are not sighted within a reasonable time after 
prediction, a dangerous situation may exist, requiring resolution or action to insure 
safety of the vessel. 

The area in which a light can be observed is normally a circle with the light as 
the center, and the visual range as the radius. However, on some bearings the 
range may be reduced by obstructions. In this case the obstructed arc might differ 
with height of eye and distance. Also, lights of different colors may be seen at 
different distances. This fact should be considered not only in predicting the dis- 
tance at which a light can be seen, but also in identifying it. The condition of the 
atmosphere has a considerable effect upon the distance at which lights can be seen. 
Sometimes lights are obscured by fog, haze, dust, smoke, or precipitation which may 
be present at the light, or between it and the observer, but not at the observer, and 
possibly unknown to him. There is always the possibility of a light being extin- 
guished. In the case of unwatched lights, this condition might not be detected and 
corrected at once. During periods of armed conflict, certain lights might be deliber- 
ately extinguished if they are considered of greater value to the enemy than to 
one’s own vessels. 

On a dark, clear night the visual range is limited primarily by one of two ways: 
(1) luminous intensity and (2) curvature of the earth. A weak light cannot normally 
be expected to be seen beyond a certain range, regardless of the height of eye. This 
distance is called luminous range. Light travels in almost straight lines, so that an 
observer below the visible horizon of the light should not expect to see the light, 
although the loom extending upward from the light can sometimes be seen at 
greater distances. Table 8 gives the distance to the horizon at various heights. A 
condensed version of table 8 is given in the light lists. The tabulated distances 
assume normal refraction. Abnormal conditions might extend this range somewhat 
(or in some cases reduce it). Hence, the geographic range, as the luminous range, is 
not subject to exact prediction at any given time. 

The luminous range is the maximum distance at which a light can be seen 
under existing visibility conditions. This luminous range takes no account of the 
elevation of the light, the observer’s height of eye, the curvature of the earth, or 
interference from background lighting. The luminous range is determined from the 
known nominal luminous range, called the nominal range, and the existing visibili- 
ty conditions. The nominal range is the maximum distance at which a light can be 
seen in clear weather as defined by the International Visibility Code (meteorologi- 
cal visibility of 10 nautical miles). The geographic range is the maximum distance 
at which the curvature of the earth permits a light to be seen from a particular 
height of eye without regard to the luminous intensity of the light. The geographic 
range sometimes printed on charts or tabulated in light lists is the maximum 
distance at which the curvature of the earth permits a light to be seen from a 
height of eye of 15 feet above the water when the elevation of the light is taken 
above the height datum of the largest scale chart of the locality. 

The geographic range depends upon the height of both the light and the 
observer, as shown in figure 1307a. In this illustration a light 150 feet above the 
water is shown. At this height, the distance to the horizon, by table 8, is 14.3 miles. 
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Within this range the light, if powerful enough and atmospheric conditions permit, 
is visible regardless of the height of eye of the observer (if there is no obstruction). 
Beyond this range, the visual range depends upon the height of eye. Thus, by table 
8 an observer with height of eye of 5 feet can see the light on his horizon if he is 2.6 
miles beyond the horizon of the light, or a total of 16.9 miles. For a height of 30 feet 
the distance is 14.3+9.8=24.1 miles. If the height of eye is 70 feet, the geographic 
range is 14.83+6.4=20.7 miles. 

Except for range and some directional lights, the nominal range is listed in the 
U. S. Coast Guard Light List. The Luminous Range Diagram shown in the Light 
List and figure 1307b is used to convert the nominal range to the luminous range. 
When using this diagram, it must be remembered that the ranges obtained are 
approximate, the transmissivity of the atmosphere may vary between the observer 
and the light, and glare from background lighting will reduce considerably the range 
at which lights are sighted. After estimating the meteorological visibility with the 
aid of the Meteorological Optical Range Table shown in table 1307, the Luminous 
Range Diagram is entered with the nominal range on the horizontal nominal range 
scale; a vertical line is followed until it intersects the curve or reaches the region on 
the diagram representing the meteorological visibility; from this point or region a 
horizontal line is followed until it intersects the vertical luminous range scale. 


FicurE 1307a.—Geographic range of a light. 


Example 1.—The nominal range of a light as extracted from the Light List is 
15 nautical miles. 

Required.—The luminous range when the meteorological visibility is (1) 11 
nautical miles and (2) 1 nautical mile. 

Solution.—To find the luminous range when the meteorological visibility is 11 
nautical miles, the Luminous Range Diagram is entered with nominal range 15 
nautical miles on the horizontal nominal range scale; a vertical line is followed 
until it intersects the curve on the diagram representing a meteorological visibility 
of 11 nautical miles; from this point a horizontal line is followed until it intersects 
the vertical luminous range scale at 16 nautical miles. A similar procedure is 
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followed to find the luminous range when the meteorological visibility is 1 nautical 
mile. 

Answers.—(1) 16 nautical miles; (2) 3 nautical miles. 

In predicting the range at which a light can be seen, one should first determine 
the geographic range to compare this range with the luminous range, if known. If 
the geographic range is less than the luminous range, the geographic range must be 
taken as the limiting range. If the luminous range is less than the geographic 
range, the luminous range must be taken as the limiting range. 


| 2 oot Oo ee 8 10 15 20 25 30 35 40 


20 


LUMINOUS RANGE - nautical miles 
(This range may be reduced by the glare of other lights) 


\ ose 4005 6 oe 0 15 2025 30 35 40 
NOMINAL RANGE -nautical miles 


Figure 1307b.—Luminous Range Diagram. 


These predictions are simple when using the U. S. Coast Guard Light List 
because only nominal ranges are tabulated. Also the current practice of the Nation- 
al Ocean Service is to follow the Light List when printing the range of a light on a 


chart. 
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Example 2.—The nominal range of a navigational light 120 feet above the chart 
datum is 20 nautical miles. The meteorological visibility is 27 nautical miles. 

Required.—The distance at which an observer at a height of eye of 50 feet can 
expect to see the light. 

Solution.—The maximum range at which the light may be seen is the lesser of 
the luminous and geographic ranges. 

At 120 feet the distance to the horizon, by table 8, is 12.8 miles. Adding 8.3 
miles, the distance to the horizon at a height of eye of 50 feet, the geographic range 
(12.8 mi.+8.3 mi.=21.1 mi.) is found to be less than the luminous range, which is 40 
nautical miles. 

Answer.—21 nautical miles. Because of various uncertainties, the range is given 
only to the nearest whole mile. 

If the range of a light as printed on a chart, particularly a foreign chart or a 
reproduction of a foreign chart, or tabulated in a light list other than the U. S. 
Coast Guard Light List, approximates the geographic range for a 15-foot height of 
eye of the observer, one is generally safe in assuming that this range is the 
geographic range. With lesser certainty, one may also assume that the lesser of the 
geographic and nominal ranges is printed on the chart or tabulated in the light list. 
Using these assumptions, the predicted range is then found by adding the distance 
to the horizon for both the light and the observer, or approximately, by the 
difference between 4.5 miles (the distance to the horizon at a height of 15 feet) and 
the distance for the height of eye of the observer (a constant for any given height) 
and adding this value to the tabulated or charted geographic range (subtracting if 
the height of eye is less than 15 feet). In making a prediction, one should keep in 
mind the possibility of the luminous range being between the tabulated or charted 
geographic range and the predicted range. The intensity of the light, if known, 
should be of assistance in identifying this condition. 

Example 3.—The range of a light as printed on a foreign chart is 17 miles. The 
light is 120 feet above chart datum. The meteorological visibility is 10 nautical 
miles. 

Required.—The distance at which an observer at a height of eye of 50 feet can 
expect to see the light. 

Solution.—At 120 feet the distance to the horizon, by table 8, is 12.8 miles. 
Adding 4.5 miles (the distance to the horizon at a height of 15 feet), the geographic 
range is found to approximate the range printed on the chart. Then assuming that 
the latter range is the geographic range for a 15-foot height of eye of the observer 
and that the nominal range is the greater value, the predicted range is found by 
adding the distance to the horizon for both the light and the observer (predicted 
range=12.8 mi.+8.3 mi.=21.1 mi.). The additional distance, i.e., the distance in 
excess of the assumed charted geographic range, is dependent upon the luminous 
intensity of the light and the meteorological visibility. 

If one is approaching a light, and wishes to predict the time at which it should 
be sighted, he first predicts the range. It is then good practice to draw an arc 
indicating the visual range. The point at which the course line crosses the arc of 
visual range is the predicted position of the vessel at the time of sighting the light. 
The predicted time of arrival at this point is the predicted time of sighting the 
light. The direction of the light from this point is the predicted bearing at which 
the light should be sighted. Conversion of the true bearing to a relative bearing is 
usually helpful in sighting the light. The accuracy of the predictions depends upon 
the accuracy of the predicted range, and the accuracy of the predicted time and 
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From the International Visibility Code 


TABLE 1307.—Meteorological Optical Range Table. 


place of crossing the visual range arc. If the course line crosses the visual range arc 
at a small angle, a small lateral error in track may result in a large error of 
prediction, both of bearing and time. This is particularly apparent if the vessel is 
farther from the light than predicted, in which case the light might be passed 
without being sighted. Thus, if a light is not sighted at the predicted time, the error 
may be on the side of safety. However, such an interpretation should not be given 
unless confirmed by other information, for there is always the possibility of reduced 
meteorological visibility, or of the light being extinguished. 

When a light is first sighted, one might determine whether it is on the horizon 
by immediately reducing the height of eye by several feet, as by squatting or 
changing position to a lower height. If the light disappears, and reappears when the 
original height is resumed, it is on the horizon. This process is called bobbing a 
light. If a vessel has considerable vertical motion due to the condition of the sea, a 
light sighted on the horizon may alternately appear and disappear. This may lead 
the unwary to assign faulty characteristics and hence to err in its identification. 
The true characteristics should be observed after the distance has decreased, or by 
increasing the height of eye of the observer. 
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CHAPTER XIV 


NAVIGATIONAL ASTRONOMY 


Preliminary Considerations 


1401. Introduction.—Astronomy is that science which deals with the size, 
constitution, motions, relative positions, etc., of celestial bodies. Navigational as- 
tronomy is that part of astronomy of direct use to a navigator, comprising princi- 
pally celestial coordinates, time, and the apparent motions of celestial bodies with 
respect to the earth. Sometimes it is called nautical astronomy. 

1402. Apparent and absolute motions.—All celestial bodies of which man has 
knowledge are in motion. Since the earth itself is one of these moving bodies, the 
motion of other bodies, as seen by an observer on the earth, is apparent motion. If 
the earth were stationary in space, any change in the position of another body, 
relative to the earth, would be due only to the motion of that body. This would be 
absolute motion, or motion relative to a fixed point. But since it has been impossi- 
ble to identify a fixed point in space, all motion of which man is aware is apparent, 
made up of a combination of the movement of the other body and the motions of 
the observer. A person without suitable instruments is not aware of motion in the 
line of sight, and therefore only motions across the line of sight are observed. 

Since all motion is relative, one should be cognizant of the position of the 
observer when motions are discussed. When one speaks of planets following their 
orbits around the sun, he is placing the observer at some distant point in space, 
usually one of the poles of the ecliptic (art. 1419). When he speaks of a body rising 
or setting, the observer is on the earth. If he refers to a particular rising or setting, 
he must locate the observer at a particular point on the earth, since the setting sun 
for one observer may be the rising sun for another. At the same time it may be 
crossing the meridian of a third observer. 

1403. The celestial sphere.—As one looks at the sky on a dark night, he is not 
aware of the differences in the distances to the various celestial bodies. They might 
easily be imagined as being equally distant from the earth, all located on the inner 
surface of a vast hollow sphere of infinite radius, with the earth at its center. This 
is the celestial sphere (fig. 1403). For most purposes of navigation it can be consid- 
ered an actuality. Since the navigator is concerned primarily with apparent motion 
for an observer on the earth, this geocentric universe of Ptolemy (art. 121) is a 
useful concept. While the motions of various bodies relative to each other are 
important to the astronomer who predicts future positions of celestial bodies, and 
perhaps to the navigational scientist who designs navigation tables, the navigator 
speaks of bodies rising, crossing the celestial meridian, and setting, as though these 
were absolute motions. 

1404. Units of astronomical distance.—The distances between celestial bodies, 
even those within a single family such as the solar system, are so great that 
terrestrial units are unsatisfactory to express them. The units commonly used for 


astronomical distances are: 
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Astronomical unit (AU), the mean distance between the earth and the sun, 
approximately 92,960,000 statute miles. The astronomical unit is often used as a 
unit of measurement for distances within the solar system. 


FicurE 1403.—The celestial sphere. 


Light-year, the distance light travels in one year. Since the speed of light is 
about 186,000 statute miles per second and there are about 31,600,000 seconds per 
year, the length of one light-year is about 5,880,000,000,000 (5.881022) statute 
miles, or 63,280 astronomical units. The light-year is commonly used for expressing 
distances to the stars and galaxies. Alpha Centauri and its neighbor Proxima, 
generally considered the nearest stars, are 4.3 light-years away. Relatively few stars 
are less than 100 light-years away, and the most distant galaxies are in excess of 
one billion light-years away. However, most navigational stars are relatively close. 
Light travels from the sun to the earth in about 8% minutes, and from the moon to 
the earth in about 1% seconds. 

Parsec, the distance at which the heliocentric parallax (difference in apparent 
position as viewed from the earth and the sun) is 1”. At this distance a star would 
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appear to change its position 2” among the distant stars, if observed from points 
180° apart on the earth’s orbit. The name is derived from the first letters of the 
words parallax and second. One parsec is equal to about 3.26 light-years. Hence, 
even the nearest star is more than one parsec away. This unit is used to express 
distances to stars and galaxies. ‘ 

The difficulty of illustrating astronomical distances and sizes is indicated by the 
fact that if the earth were represented by a circle one inch in diameter, the moon 
would be a circle one-fourth inch in diameter at a distance of 30 inches, the sun 
would be a circle nine feet in diameter at a distance of nearly a fifth of a mile, and 
Pluto would be a circle half an inch in diameter at a distance of about seven miles. 
The nearest star would be one-fifth the actual distance to the moon. 

1405. Magnitude.—The relative brightness of celestial bodies is indicated by a 
scale of stellar magnitudes. In the Almagest (art. 121) Ptolemy divided the stars into 
six groups according to brightness, the 20 brightest being classified as of the first 
magnitude, and the dimmest being of the sixth magnitude. In modern times, when 
it became desirable to define more precisely the limits of magnitude, a first magni- 
tude star was considered 100 times brighter than one of the sixth magnitude, the 
approximate value of Ptolemy’s ratio. Since the fifth root (art. 109, vol. II) of 100 is 
2.512, this number is considered the magnitude ratio. A first magnitude star is 
2.512 times as bright as a second magnitude star, which is 2.512 times as bright as a 
third magnitude star, etc. A second magnitude is 2.512x2.512=6.310 times as 
bright as a fourth magnitude star. A first magnitude star is PREMPALIS CD Va 
100,000,000 times as bright as a star of the 21st magnitude, the dimmest that can be 
seen through the 200-inch telescope. 

Brightness is normally tabulated to the nearest 0.1 magnitude, about the small- 
est change that can be detected by the unaided eye of a trained observer. All stars 
of magnitude 1.50 or brighter are popularly called “first magnitude” stars. Those 
between 1.51 and 2.50 are called “second magnitude” stars, those between 2.51 and 
3.50 are called “third magnitude” stars, etc. Sirius, the brightest star, has a magni- 
tude of (—)1.6. The only other star with a negative magnitude is Canopus, (—)0.9. 
At greatest brilliance Venus has a magnitude of about (—)4.4. Mars, Jupiter, and 
Saturn are sometimes of negative magnitude. The full moon has a magnitude of 
about (—)12.6, but varies somewhat. The magnitude of the sun is about (—)26.7. 


The Universe 


1406. The solar system.—The sun, the most conspicuous celestial object in the 
sky, is the central body of the solar system. Associated with it are at least nine 
principal planets, of which the earth is one; a number of satellites accompanying 
some of the planets; thousands of minor planets or asteroids; multitudes of comets; 
and vast numbers of meteors. 

1407. Motions of bodies of the solar system.—Astronomers distinguish between 
the two principal motions of celestial bodies, as follows: rotation is a spinning 
motion about an axis within the body, while revolution is the motion of a body in 
its elliptical orbit around another body, called its primary. For the satellites, the 
primary is a planet. For the planets and other bodies of the solar system, the 
primary is the sun. The entire solar system is held together by the gravitational 
force of the sun. The whole system revolves around the center of its galaxy (art. 
1415) as a unit, and the galaxy is probably in motion relative to its neighboring 
galaxies. The motion of bodies of the solar system relative to surrounding stars 1s 


called space motion. 


358 NAVIGATIONAL ASTRONOMY 


Rotation and revolution may be further classified as synodic or sidereal. 
During one synodic rotation the body makes one complete turn relative to the sun. 
On the earth it is called an apparent solar day. During one sidereal rotation the 
body makes one complete turn relative to the stars. Because of motion of the body 
in its orbit, a sidereal rotation is either longer or shorter, by a small amount, than 
a synodic rotation. If both rotation and revolution are in the same direction (in the 
solar system they are both east for most bodies, that is, counter clockwise as seen 
from above the North Pole) the sidereal rotation is shorter. During a synodic 
revolution a celestial body makes one trip around the sun, as viewed from the earth. 
Hence, the earth cannot have a synodic revolution. During a sidereal revolution, a 
celestial body makes one trip around its orbit with respect to the stars; to an 
observer on the celestial body, the sun would appear to make one trip around the 
celestial sphere, with respect to the stars. On the earth this is one year. 


Neptune 


FicurE 1407a.—Relative size of planetary orbits. 
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All of the planets revolve around the sun in nearly circular orbits. The flatten- 
ing or eccentricity of the earth’s orbit is only 0.017 (zero would be a circle). Some of 
the minor planets have orbits more eccentric than that of any principal planet (note 
the orbit of Hidalgo in fig. 1407a). The orbits of comets are highly eccentric. The 
orbits of all known planets except Pluto are in nearly the same plane, that of the 
ecliptic (art. 1419). The orbit of Pluto is inclined more than 17° to the ecliptic. 

The laws governing the motions of planets in their orbits were discovered by 
Johannes Kepler, and are now known as Kepler’s laws: 

1. The orbits of the planets are ellipses, with the sun at a common focus. 

2. The straight line joining the sun and a planet (the radius vector) sweeps over 
equal areas in equal intervals of time. 

3. The squares of the sidereal periods of any two planets are proportional to the 
cubes of their mean distances from the sun. 

In 1687 Isaac Newton stated three “laws of motion,’ which he believed were 
applicable to the planets. Newton’s laws of motion are: 

1. Every body continues in a state of rest or of uniform motion in a straight line 
unless acted upon by an external force. 

2. When a body is acted upon by an external force, its acceleration is directly 
proportional to that force, and inversely proportional to the mass of the body, and 
acceleration takes place in the direction in which the force acts. 

3. To every action there is an equal and opposite reaction. 

Newton also stated a single universal law of gravitation, which he believed 
applied to all bodies, although it was based upon observation within the solar 
system only: 

Every particle of matter attracts every other particle with a force that varies 
directly as the product of their masses and inversely as the square of the distance 
between them. 

From these fundamental laws of motion and gravitation, Newton derived 
Kepler’s empirical laws. He proved rigorously that the gravitational interaction 
between any two bodies results in an orbital motion of each body about the bary- 
center of the two masses that is some form of conic section, that is a circle, ellipse, 
parabola, or hyperbola. 

Circular and parabolic orbits are unlikely to occur in nature because of the 
precise speeds required. Hyperbolic orbits are open, that is one body, due to its 
speed, recedes into space. Therefore, a planet’s orbit must be elliptical as found by 
Kepler. 

Both the sun and each body revolve about their common center of mass. 
Because of the preponderance of the mass of the sun over that of the individual 
planets, the common center of the sun and each planet except Jupiter lies within 
the sun. The common center of the combined mass of the solar system moves in and 
out of the sun. . 

The various laws governing the orbits of planets apply equally well to the orbit 
of any body with respect to its primary. hgh 

In each planet’s orbit that point nearest the sun is called the perihelion. That 
point farthest from the sun is called the aphelion teteje-on), The line joining 
periphelion and aphelion is called the line of apsides (ap si-déz). In the orbit of the 
moon, that point nearest the earth is called the perigee, and that point farthest 
from the earth is called the apogee. Figure 1407b shows the orbit of the earth (with 
exaggerated eccentricity), and the orbit of the moon around the earth. 
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1408. The sun is the dominant member of the solar system because its mass is 
nearly a thousand times that of all other bodies of the solar system combined. It 
supplies heat and light to the entire system. 

The diameter of the sun is about 866,000 miles. At the distance of the earth, 
varying between 91,300,000 and 94,500,000 miles, the visible diameter is about 32’. 
At the closest approach early in January the sun appears largest, being 32/6 in 
diameter. Six months later the apparent diameter is 31/5, the minimum. 
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FicurE 1407b.—Orbits of the earth and moon. 


Of the various physical features of the sun, one of particular interest is the 
appearance from time to time of sun spots on the surface (fig. 1408). These spots are 
apparently areas of cooler gas which have risen to the surface and appear dark in 
contrast to the hotter gases around them. In size they vary from perhaps 50,000 
miles in diameter to the smallest spots that can be detected (a few hundred miles in 
diameter), and perhaps smaller. They generally appear in groups. At the start of 
each cycle of about 11 years the spots appear at a maximum distance of about 40° 
on each side of the solar equator. Succeeding spots of the cycle appear progressively 
closer to the solar equator, until a minimum solar latitude of 5° may be reached. 
The maximum number of sun spots occurs about midway in the cycle, when the 
spots are about 16° from the solar equator. Large sun spots can be seen without a 
telescope if the eyes are protected, as by the shade glasses of a sextant. The shade 
glasses of inexpensive “training” sextants may not have the optical quality required 
for protection. Sun spots have magnetic properties. For one cycle all spots north of 
the solar equator are of positive polarity, and all those to the south are of negative 
polarity. During the next cycle, which may begin before the last spots of the old 
cycle have disappeared, the polarity is reversed. Sun spots are related to magnetic 
storms which adversely affect radio, including radio aids to navigation, on the © 
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Courtesy of Mt. Wilson and Palomar Observatories. 


Figure 1408.—Whole solar disk and an enlarge- 
ment of the great spot group of April 7, 1947. 


earth. At such times the auroras (art. 3823) are particularly brilliant and wide- 
spread. 

The sun rotates on its axis, the period of rotation varying from about 25 days at 
the solar equator to 34 days at the poles, but this fact has little or no navigational 
significance beyond its effect upon the changing positions of sun spots relative to 
the earth. The sun is moving approximately toward Vega at about 12 miles per 
second, or about two-thirds as fast as the earth moves in its orbit around the sun. 
The path of the sun toward Vega is called the sun’s way. This is in addition to the 
motion of the sun around the center of its galaxy (art. 1415). 

1409. Planets.—The principal bodies having nearly circular orbits around the 
sun are called planets, from a Greek word meaning “wandering.” They were so 
named because they were observed to change position or “wander” among the 
“fiyed stars’ which remained in about the same positions relative to each other. 
Because the sun and moon had a similar wandering motion, the ancients considered 
them planets, also. 

Nine principal planets are known. In order of increasing distance from the sun, 
these are Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune, and 
Pluto. Of these, only four are commonly used for celestial navigation. These are 
Venus, Mars, Jupiter, and Saturn, sometimes called the navigational planets. The 
two planets with orbits smaller than that of the earth are called inferior planets, 
and those with orbits larger than that of the earth are called superior planets. The 
four planets nearest the sun are sometimes called the inner planets, and the others 
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the outer planets. Jupiter, Saturn, Uranus, and Neptune are so much larger than 
the others that they are sometimes classed as major planets. Neptune and Pluto 
are not visible to the unaided eye, and Uranus is barely so, being of the sixth 
magnitude. 

The orbits of the many thotsand tiny minor planets lie chiefly between the 
orbits of Mars and Jupiter. 

Six of the planets are known to have satellites, a total of 33 having been 
discovered. Mercury, Venus, and Pluto have no known satellites. 

1410. The earth as a planet.—In common with other planets, the earth rotates 
on its axis and revolves in its orbit around the sun. These actual motions (discussed 
in articles 1416 and 1417) are the principal source of the apparent motions of other 
celestial bodies. Also, the rotation of the earth results in a deflection of water and 
air currents to the right in the Northern Hemisphere and to the left in the 
Southern Hemisphere. Because of the earth’s rotation, the high tides on the open 
sea lag behind the meridian transit of the moon. 


FicurE 1410.—Oblate spheroid or ellipsoid of revolution. 


For most navigational purposes, the earth can be considered a sphere, but, like 
the other planets, the earth is approximately an oblate spheroid, or ellipsoid of 
revolution, being flattened at the poles and bulged at the equator. Therefore, the 
polar diameter is less than the equatorial diameter, and the meridians are slightly 
elliptical, rather than circular. The dimensions of the earth are recomputed from 
time to time, as additional and more precise measurements become available. Since 
the earth is not exactly an ellipsoid, results differ slightly when equally precise and 
extensive measurements are made on different parts of the surface. Hence, differ- 
ent “spheroids” are used for mapping various parts of the earth. That used for 
charts of North America was computed by the English geodesist A. R. Clarke in 
1866. However, since Clarke did not clearly define his units, the U.S. Coast and 
Geodetic Survey in 1880 considered it desirable to adopt standard values which 
probably added about 170 feet to the diameter computed by Clarke. In 1880, also, 
Clarke himself made a new estimate of the size and shape of the earth but this has 
not been adopted by the United States. Although the Clarke spheroid of 1866 is still - 
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used for charting North America, the World Geodetic System (WGS) constants 
provides a slightly better approximation of the size and shape of the earth. Accord- 
ing to these constants, the dimensions of the earth are (fig. 1410): 


Equatorial radius (a) =3,963.189 statute miles=3,443.917 nautical miles 
Polar radius (b) =3,949.902 statute miles =3,432.371 nautical miles 
Mean radius =3,958.760 statute miles=3,440.068 nautical miles 


1 
Flattening or ellipticity | f=1— ve ee 
a 298.26 


The mean radius is the average of the polar radius and two equatorial radii 
perpendicular to each other (the three dimensions of the solid), or 


(2a + b) 
3 


1411. Other planets and the minor planets.—Mercury in some ways resembles 
the moon more than it does other planets. Its diameter is only about 50 percent 
larger than that of the moon and about the same as those of Jupiter’s two largest 
satellites. Like the moon it has little or no atmosphere, and is believed to keep the 
same side turned toward its primary. Mercury’s mass is only about five percent that 
of the earth, and its orbit is so small that the planet is never seen more than about 
28° from the sun. It is for this reason that Mercury is not commonly used for 
navigation. Near greatest elongation (art. 1422) it appears near the western horizon 
after sunset or the eastern horizon before sunrise. At these times it resembles a 
first magnitude star, and is sometimes reported as a new or strange object in the 
sky. As seen from the earth, Mercury goes through all the phases similar to those 
of the moon, and occasionally transits (crosses) the face of the sun, appearing as a 
tiny, dark, inconspicuous dot on the surface. Mercury has no known satellite. 
Mercury rotates with a period of about 59 days. 

Venus, like Mercury, has no known satellite, goes through the various phases 
similar to those of the moon, and may transit the sun. In size of orbit, sidereal 
period of revolution, diameter, volume, mass, density, and surface gravity it resem- 
bles the earth more than any other planet. Its orbit is more nearly circular than 
that of any other planet (eccentricity 0.007). At maximum brilliance, about five 
weeks before and after inferior conjunction (art. 1422), it has a magnitude of about 
(—)4.4 and is brighter than any other object in the sky except the sun and moon. At 
these times it can be seen during the day, and is sometimes observed for a celestial 
line of position. 

Mars (fig. 1411) has a diameter only a little more than half that of the earth, 
and a mass of 11 percent as much, although its density is nearly 72 percent that of 
the earth. It has a thin atmosphere, but few clouds. Its day is only slightly longer 
than that on the earth, but its year is nearly twice as long. Being a superior planet 
(art. 1409), it is seen only in the full or gibbous phase (art. 1423). When nearest the 
earth, its apparent diameter is about eight times that at conjunction (art. 1422). 
Mars has two satellites. Phobos is about 10 miles in diameter and has an orbit the 
diameter of which is only about three times the diameter of Mars. To an observer 
on Mars it would appear to have a diameter about one-third the diameter of the 
moon as seen from the earth, and would appear to rise in the west and set in the 
east, going through three-fourths of its cycle of phases while above the horizon. It 
would do this three times each day, since its sidereal period of revolution is only 
about one-third the period of rotation of Mars. No other natural satellite is known 
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to revolve faster than its primary rotates. Deimos is only about 5 miles in diameter, 
and at greatest brilliance would appear as a very bright star. About 66 hours would 
elapse between rising and setting, during which it would go through the various 
phases twice. ‘ 

Jupiter (fig. 1411), largest of the known planets, has more than twice the mass 
of all other known planets combined. Its density is low and its rotation fast (9550™), 
resulting in a pronounced equatorial bulge. It is believed to have a dense, solid core, 
surrounded by lighter material, and a deep atmosphere of ammonia, methane, 
helium, and hydrogen. Two of Jupiter’s 13 known satellites are about the same size 
as Mercury, and may have atmospheres. The four outermost satellites revolve from 
east to west, opposite to the general direction of revolution within the solar system. 

Saturn (fig. 1411) is the only planet having a density less than that of water, 
yet it has a mass of nearly one-third that of Jupiter, and nearly three times that of 
all other known planets combined. Its composition is believed to be similar to that 
of Jupiter. It is more oblate than any other known planet. Perhaps the most 
interesting feature of this planet is its rings, composed of a great number of small 
solid particles spread out in three thin, flat rings more than 170,000 miles in 
diameter. The particles nearest the planet revolve more rapidly than those farther 
out, the innermost ones completing a revolution in less time than the planet 
completes a rotation. During half the 29.5-year sidereal period of revolution of the 
planet one side of the rings is visible to observers on the earth, and during the 
second half of the period the opposite side is visible. Saturn has ten known satel- 
lites, the outermost one of which revolves from east to west. 

Uranus is barely visible to the unaided eye, being of the sixth magnitude. It isa 
comparatively large planet, and probably is similar in composition to Jupiter and 
Saturn. The inclination of the equator of Uranus to the plane of the ecliptic is 98°, 
or 82° if the revolution is considered from east to west. Its five known satellites, all 
small, revolve in the equatorial plane, in the same direction as that of rotation of 
the planet. 

Neptune is slightly smaller than Uranus, but has greater mass, and a longer 
period of rotation. Relatively little is known of this remote planet of the eighth 
magnitude. However, it is known to have two satellites, the larger (probably bigger 
than the moon) revolving from east to west. 

Pluto (fig. 1411) was identified in 1930. It is of the 15th magnitude, and cannot 
be seen in small telescopes. In all but the 200-inch telescope it appears as a point of 
light. Its diameter is less than half that of the earth. Its orbit is the most eccentric 
and has the greatest inclination to the ecliptic of any of the known planets. At 
perihelion it is closer to the sun than Neptune, and there is some evidence to 
support the view that it was at one time a satellite of the larger planet. 

Minor planets. About 1,800 of these tiny planets have been discovered, but it is 
estimated that there may be as many as 50,000 bright enough to be seen by the 
largest telescopes, when they are nearest the earth. The largest, Ceres, has a 
diameter of about 480 miles. All but a few are less than 100 miles in diameter. 
Since there is no known lower limit, there may be no distinction between minor 
planets and meteors. The combined mass of all minor planets probably does not 
exceed 0.1 percent that of the earth. The orbits, of various degrees of eccentricity 
and inclination to the ecliptic, lie mostly between those of Mars and Jupiter. 
However, at perihelion some of the minor planets are inside the earth’s orbit. The 
orbit of Hidalgo is shown in figure 1407a. 
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Courtesy of Mt. Wilson and Palomar Observatories. 


Figure 1411.—Mars, Jupiter, Saturn, and Pluto. First three photographed with 100-inch 
telescope, Pluto with 200-inch telescope. 


1412. The moon is the only satellite of direct navigational interest, although 
the satellites of Jupiter were at one time used to determine Greenwich mean time, 
so that longitude could be found (art. 126). The rotation and revolution of the moon 
are both west to east, and both are of the same duration, 27407°43™11°5 with respect 
to the stars (the sidereal month) and 29°12544™0288 with respect to the sun (the 
synodical month). Because there is no difference in the periods of rotation and 
revolution, the same side of the moon is always turned toward the earth. However, 
about 59 percent of the moon’s surface has been seen from earth, due to libration. 
Libration in latitude occurs because the axis of rotation is tilted about 6°25 with 
respect to the axis of revolution. Libration in longitude occurs because the speed of 
revolution varies in accordance with Kepler’s second law (art. 1407), while the 
rotational speed is essentially constant. Diurnal libration occurs because of the 
changing position of the observer relative to the moon, due to rotation of the earth. 
Physical libration is a small pendulum-like rotational oscillation of the moon with 
respect to its radius vector. 

At perigee the moon is about 221,000 statute miles from the earth’s center, and 
at apogee it is about 253,000 miles distant. The average distance is about 238,862 
miles. Because of the relative nearness of the moon, its geocentric parallax (differ- 
ence in position relative to the background of stars, as observed from the surface 
and center of the earth) is comparatively large. It is at maximum when the moon is 
on the horizon, when it is called horizontal parallax. The equatorial horizontal 
parallax for an observer at the equator, where the maximum radius of the earth is 
involved, is tabulated in the Nautical Almanac and the Astronomical Almanac, and 
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used in sextant altitude corrections given in the nautical and air almanacs. The 
parallax varies from a maximum at the horizon to zero at the zenith. The parallax 
at any altitude is sometimes called parallax in altitude. The apparent diameter of 
the moon is approximately the same as that of the sun, but varies through wider 
limits. Because the moon is so’ near, the radius of the earth is an appreciable 
percentage of the distance between earth and moon, and the apparent diameter of 
the moon increases a measurable amount as its altitude increases (decreasing the 
distance from the observer). This apparent increase is called augmentation (fig. 
1412). A similar effect for the sun is very small. 

As with the planets and sun, the moon and earth both revolve around their 
common center of mass, which is about 2,900 miles from the center of the earth. It 
is this center of mass that describes the orbit of the earth (and moon) around the 


sun. 


Apparent Diameter in Zenith 


Figure 1412.—Augmentation. 
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Because of its relative nearness and size, the moon is the principal source of the 
gravitational attraction that causes tides, although the sun has an appreciable 
effect, also. The action of these bodies in causing tides is described in article 3103. 
Because of the frictional action of tides, the rotation of the earth is slowing, the 
length of the day increasing about 03001 per century. 

On the moon, the day is equal in length to the synodical month (about 29% 
days). The earth would remain almost stationary in the sky for an observer on the 
41 percent of the moon’s surface always visible from the earth, would rise and set 
at about the same point on the horizon for one on the 18 percent which is some- 
times visible, and would never appear for one on the 41 percent not seen from the 
earth. 

1413. Comets and meteors.—Comets are swarms of relatively small, widely 
separated, solid bodies held together by mutual attraction. Around this nucleus, a 
more spectacular, gaseous head or coma and tail may form as the comet approaches 
the sun. The tail is directed away from the sun, so that it follows the head while the 
comet is approaching the sun, and precedes the head while the comet is receding. 
The total mass of a comet is very small, and the tail is so thin that stars can easily 
be seen through it. In 1910 the earth passed through the tail of Halley’s comet (fig. 
1413) without noticeable effect. 


Halley’s Comet 
in 1910 


; 2 . idk j June 9 June il 
May 15 May 23 May 28 June 3 June © June 9 
Courtesy of Mt. Wilson and Palomar Observatories. 


Ficure 1413.—Halley’s Comet; fourteen views, made between April 26 and June 11, 1910. 
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Comets are erratic and inconsistent. Some travel east to west and some west to 
east, in highly eccentric orbits inclined at any angle to the ecliptic. The shortest 
period of revolution is about 3.3 years. Some periods are so long that astronomers 
speculate as to whether some comets may not come in from outside the solar system 
for a single trip around the sun, and then leave the solar system, never to return. 
In such a case the orbit would be approximately a parabola (art. 134, vol. II). 

Without their tails, which exist only when near the sun, comets are not 
spectacular. Because of the small size of their nuclei, which shine by reflected light 
from the sun, comets are visible for only a small part of their period of revolution, 
and this is the part of most rapid motion, in accordance with Kepler’s second law 
(art. 1407). An average of about five comets is observed each year, and about two- 
thirds of these are identified as previously observed comets. Very few comets are 
ever visible without a telescope. The spectacular Halley’s comet reached aphelion in 
1948 and started back toward the sun. It is expected to reach perihelion about 
February, 1986. 

Meteors, popularly called shooting stars, are tiny, solid bodies too small to be 
seen until heated to incandescence by air friction while passing through the earth’s 
atmosphere. A particularly bright meteor is called a fireball. One that explodes is 
called a bolide. A meteor that is not consumed during its fall through the atmos- 
phere, but lands as a solid particle, is called a meteorite. These are composed 
principally of iron, with some nickel, and smaller quantities of other material. 

Vast numbers of meteors exist. It has been estimated that an average of about 
1,000,000 bright enough to be seen enter the earth’s atmosphere each hour, and 
many times this number undoubtedly enter, but are too small to attract attention. 
A faint glow sometimes observed extending upward approximately along the eclip- 
tic before sunrise and after sunset has been attributed to the reflection of sunlight 
from quantities of such material. This glow is called zodiacal light. A faint glow at 
that point of the ecliptic 180° from the sun is called the gegenschein or counterg- 
low. Comets may be an assemblage of a large number of meteors traveling together, 
and minor planets (art. 1411) may be larger meteors. Meteor showers occur at 
certain times of the year when the earth is believed to be passing through meteor 
swarms, the scattered remains of comets that have broken up. At these times the 
number of meteors observed is many times the usual number. 

Since such large amounts of this material are in existence, much of it in an 
orbit near the ecliptic, and since the orbits of most minor planets lie between those 
of Mars and Jupiter, where astronomers compute the orbit of another planet should 
be located, it is possible that another planet may have existed there at one time and 
been disrupted, perhaps by an atomic explosion of hydrogen or other material. The 
estimated total mass of all meteors, comets, and minor planets would make a small 
planet, but if the material which has fallen on other planets and satellites, and 
perhaps some or all of the satellites themselves, are added, a sizeable planet might 
be accounted for. 

1414. Stars are distant suns, in many ways resembling the body which provides 
the earth with most of its light and heat. Even the nearest star is too distant to be 
seen as more than a point of light in the largest telescope. If planets, satellites, 
comets, etc., accompany those distant suns, as they do the one nearby, they have 
not been detected. However, comparatively dark companions of planetary size are 
known to accompany some stars. Nonluminous stars may exist, since most of the 
radio stars (points from which radio energy emanates) are not marked by a body 
visible to observers on the earth. The distance of the stars is so great that none is - 
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known to have a heliocentric parallax (difference in apparent position as observed 
from the earth and the sun) of as much as 1”. 

Stars differ in size from gaseous giants having diameters greater than that of 
the orbit of the earth, to dense dwarfs which may be no larger than the major 
planets. Although the size and density cover wide ranges, the mass does not differ 
greatly. Relatively few stars have more than five times or less than one-fifth the 
mass of the sun, which is also about average in size, density, and temperature. The 
color varies with the temperature. A very hot star, having a surface temperature of 
perhaps 20,000° K (Celsius absolute) or more, is bluish-white; while a cooler star, 
having a temperature of perhaps 2,000° K, is faintly reddish. In Orion, blue Rigel 
and red Betelgeuse, located on opposite sides of the belt, constitute a noticeable 
contrast. 

Under ideal viewing conditions, the dimmest star that can be seen with the 
unaided eye is of the sixth magnitude. In the entire sky there are about 6,000 stars 
of this magnitude or brighter. Half of these are below the horizon at any time. 
Because of the greater absorption of light near the horizon, where the path of a ray 
travels for a greater distance through the atmosphere, not more than perhaps 2,500 
stars are visible to the unaided eye at any time. The 200-inch telescope on Palomar 
Mountain permits stars as dim as the twenty-first magnitude to be seen. It has been 
estimated that there are about 1,000,000,000 of this magnitude or brighter. A long- 
term photographic exposure with the 200-inch telescope permits observation of 
about twice this number. There is no indication that this is more than a tiny 
fraction of the total number. However, the average navigator seldom uses more 
than perhaps 20 or 30 of the brighter stars. Stars which exhibit a noticeable change 
of magnitude are called variable stars. A star which suddenly becomes several 
magnitudes brighter and then gradually fades is called a nova. A particularly 
bright one is called a supernova. 

Two stars which appear to be very close together are called a double star. If 
more than two stars are included in the group, it is called a multiple star; and if a 
large number appear in approximately spherical shape, it is called a globular 
cluster. A group of stars moving through space together, but not exhibiting the 
intimate relationship of a globular cluster, is called an open cluster. The Pleiades 
and some stars of the Big Dipper (with certain other stars) are examples of open 
clusters. A group of stars which appear close together, regardless of actual dis- 
tances, is popularly called a constellation, particularly if the group forms a striking 
configuration. Among astronomers a constellation is now considered a region of the 
sky having precise boundaries so arranged that all of the sky is covered, without 
overlap. The ancient Greeks recognized 48 constellations covering only certain 
groups of stars. Modern astronomers recognize 88 constellations. The constellation 
names and meanings are given in appendix K. 

A cloudy patch of matter in the heavens is called a nebula (plural nebulae). If it 
is within the galaxy of which the sun is a part, it is called a galactic nebula; if 
outside, it is called an extragalactic nebula. . 

Stars rotate on their axes, and revolve around the center of their galaxy, in 
addition to influencing and being influenced by surrounding stars. Motion of a star 
through space, like that of any celestial body, is called space motion. That compo- 
nent in the line of sight is called radial motion; while that component across the 
line of sight, causing a star to change its apparent position relative to the back- 
ground of more distant stars, is called proper motion. 
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1415. Galaxies.—A great number of the nebulae have been identified as extra- 
galactic, and as telescopes became more powerful, it was discovered that these small 
cloudy patches are groups of stars, in many ways resembling the group of stars of 
which the sun is a part. Each such vast assemblage of stars constitutes an island 
universe as widely separated from others, comparatively, as individual stars in one 
group. Such a group is called a galaxy. It was not until well within the twentieth 
century that the sun was recognized as a part of such a galaxy, the Milky Way. Ina 
galaxy the stars tend to congregate in groups called star clouds arranged in long 
spiral arms. The spiral nature is believed due to revolution of the stars about the 
center of the galaxy, the inner stars revolving more rapidly than the outer ones (fig. 
1415). At the position of the sun, about two-thirds of the way out from the center, 
and nearly midway between “top” and “bottom,” the period of revolution is about 
200,000,000 years at the present speed of about 175 miles per second. This is nearly 
ten times the speed of the earth in its orbit. An average estimate of the size of a 
galaxy is that it is about 100,000 light years in diameter, 15,000 light years thick at 
the center, and 5,000 light years thick near the outer edge, and that it contains 
perhaps 100,000,000,000 stars. This is about 100 times the number of stars that can 
be seen through the 200-inch telescope. Within the radius of 1,600,000,000 light 
years that man is able to penetrate there are perhaps 100,000,000 galaxies, although 
only a small fraction of this number has been actually observed. 


Courtesy of Mt. Wilson and Palomar Observatories. 


Figure 1415.—Spiral nebula Messier 51, in Canes Venetici. 
Satellite nebula is NGC 5195. 


The galaxies which have been discovered are observed to congregate in groups, 
somewhat similar to stars in a galaxy. Whether the part seen is but a small portion 
of a larger unit too vast to be seen with present instruments has not been estab- 
lished. Through his progress in astronomy man hopes to see much more of what 
surrounds him in space, and perhaps to answer some of the questions which 
confront him. 
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1416. Apparent motion due to rotation of the earth is much greater than any 
other observed motion of celestial bodies. It is this motion that causes celestial 
bodies to appear to rise somewhere along the eastern half of the horizon, climb to 
maximum altitude as they cross the meridian, and set along the western horizon, at 
about the same point relative to due west as the rising point was to due east. This 
apparent motion along the daily path, or diurnal circle, of the body is approximate- 
ly parallel to the plane of the equator. It would be exactly so if rotation of the earth 
were the only motion, and the axis of rotation of the earth were stationary in space 
(arts. 1417 and 1419). 

The apparent effect due to rotation of the earth varies with the latitude of the 
observer. At the equator, where the equatorial plane is vertical (since the axis of 
rotation of the earth is parallel to the plane of the horizon), bodies appear to rise 
and set vertically. Every celestial body is above the horizon approximately half the 
time. The celestial sphere as seen by an observer at the equator is called the right 
sphere, shown in figure 1416a. Several unique relationships of the right sphere are 
discussed in article 1433. 

For an observer at one of the poles, bodies having constant declination neither 
rise nor set (neglecting precession of the equinoxes and changes in refraction), but 
circle the sky, always at the same altitude, making one complete trip around the 
horizon each day. At the North Pole the motion is clockwise, and at the South Pole 
it is counterclockwise. Approximately half the stars are always above the horizon 
and the other half never are. This is modified somewhat by actual conditions, a 
description of which is given in chapter XXV. The parallel sphere at the poles is 
illustrated in figure 1416b. 
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Ficure 1416a.—The right sphere. Ficure 1416b.—The parallel sphere. 


Between these two extremes, the apparent motion is a combination of the two. 
On this oblique sphere, illustrated in figure 1416c, circumpolar celestial bodies 
remain above the horizon during the entire 24 hours, circling the elevated celestial 
pole (art. 1426) each day. The stars of the Big Dipper and Cassiopeia are circumpo- 
lar for many observers in the United States. An approximately equal part of the 
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celestial sphere remains below the horizon during the entire day. The Southern 
Cross is not visible to most observers in the United States. Other bodies rise 
obliquely along the eastern horizon, climb to maximum altitude at the celestial 
meridian, and set along the western horizon. The length of time above the horizon, 
and the altitude at meridian transit, vary with both the latitude of the observer and 
the declination of the body. Several useful relationships of the oblique sphere are 
indicated in article 1432. At the polar circles (art. 1419) of the earth and beyond, 
even the sun becomes circumpolar. This is the land of the midnight sun, where the 
sun does not set during part of the summer, and does not rise during part of the 
winter. 

The increased obliquity at higher latitudes explains why days and nights are 
always about the same length in the tropics, and the change of length of the day 
becomes greater as the latitude increases. It also explains why twilight lasts longer 
in higher latitudes. Twilight is that period of incomplete darkness following sunset 
and preceding sunrise. Evening twilight starts at sunset, and morning twilight ends 
at sunrise. The darker limit of twilight occurs when the center of the sun is a stated 
number of degrees below the celestial horizon. Three kinds of twilight are defined, 
depending upon the darker limit. These are: 


Twilight Lighter limit Darker limit At darker limit 
civil —0°50' —6° Horizon clear and bright stars visible 
nautical —0°50’ —12° Horizon not visible 
astronomical —0°50’ —18° Full night 


The conditions at the darker limit are relative and vary considerably under differ- 
ent atmospheric conditions. 

In figure 1416d the twilight band is shown, with the darker limits of the 
various kinds indicated. The nearly vertical celestial equator line is for an observer 
at latitude 20°N. The nearly horizontal celestial equator line is for an observer at 
latitude 60°N. The broken line in each case is the diurnal circle of the sun when its 
declination is 15°N. The relative duration of any kind of twilight at the two 
latitudes is indicated by that portion of the diurnal circle between the horizon and 
the darker limit, although it is not directly proportional to the relative length of 
line shown, since the projection is orthographic (art. 319). The duration of twilight 
at the higher latitude is longer, proportionally, than shown. Note that complete 
darkness does not occur at latitude 60°N when the declination of the sun is 15°N. 

1417. Apparent motion due to revolution of the earth.—If it were possible to 
stop the rotation of the earth so that the celestial sphere would appear stationary, 
the effects of the revolution of the earth would become more noticeable. In one year 
the sun would appear to make one complete trip around the earth, from west to 
east. Hence, it would seem to move eastward a little less than 1° per day. This 
motion can be observed by watching the changing position of the sun among the 
stars. But since both sun and stars generally are not visible at the same time, a 
better way is to observe the constellations at the same time each night. On any 
night a star rises nearly four minutes earlier than on the previous night. Thus, the 
celestial sphere appears to shift westward nearly 1° each night, so that different 
constellations are associated with different seasons of the year. 

Apparent motions of planets and the moon are due to a combination of their 
motions and those of the earth. If the rotation of the earth were stopped, the 
combined apparent motion due to the revolutions of the earth and other bodies 
would be similar to that occurring if both rotation and revolution of the earth were 
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stopped, as discussed in article 1418, but with different timing. Stars would appear 
nearly stationary in the sky, but would undergo a small annual cycle of change due 
to aberration. The motion of the earth in its orbit is sufficiently fast to cause the 
light from stars to appear to shift slightly in the direction of the earth’s motion. 
This is similar to the illusion one has when walking in rain that is falling vertical- 
ly, but appearing to come from ahead due to his own motion. The apparent direc- 
tion of the light ray from the star is the vector difference (art. 118, vol. IT) of the 
motion of light and the motion of the earth, similar to that of apparent wind on a 
moving vessel. This effect is most apparent for a body perpendicular to the line of 
travel of the earth in its orbit, for which it reaches a maximum value of 2075. The 
effect of aberration can be noted by comparing the coordinates (declination and 
sidereal hour angle) of various stars throughout the year. A change is observed in 
some bodies as the year progresses, but at the end of the year the values have 
returned almost to what they were at the beginning. That they do not return 
exactly is due to proper motion (art. 1418), precession of the equinoxes (art. 1403), 
and nutation, which is an irregularity in the motion of the earth due to the 
disturbing effect of other celestial bodies, principally the moon. Eulerian motion is 
a slight wobbling of the earth about its axis of rotation, often called polar motion, 
and sometimes wandering of the poles. This motion, which does not exceed 40 feet 
from the mean position, produces slight variation of latitude and longitude of 
places on the earth. 

By the calendar, one year is of 365 days duration for common years and 366 
days for leap years. A leap year is any year divisible by four, unless it is a century 
year, which must be divisible by 400 to be a leap year. Thus, 1900 was not a leap 
year, but 2000 will be. This calendar, now in general use, is called the Gregorian 
calendar. Astronomically, the year is not divisible into a whole number of days, and 
the present system will introduce an error of three days in about 10,000 years. The 
length of the year with respect to the vernal equinox (art. 1419) is about 365 days, 5 
hours, 48 minutes, 46 seconds. This is the tropical, astronomical, equinoctial, 
natural, or solar year. Since the vernal equinox is in motion on the celestial sphere 
(art. 1419), this does not quite agree with the sidereal year of about 365 days, 6 
hours, 9 minutes, 10 seconds, with respect to the stars. The period of revolution 
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from perihelion to perihelion, about 365 days, 6 hours, 13 minutes, 53 seconds, is 
called the anomalistic year. These values vary slightly from year to year, and 
progressively over the years, as shown in appendix D. 

1418. Apparent motion due to movement of other celestial bodies.—Even if it 
were possible to stop both the rotation and revolution of the earth, celestial bodies 
would not appear stationary on the celestial sphere. The moon would make one 
revolution about the earth each sidereal month (art. 1412), rising in the west and 
setting in the east. The inferior planets would appear to move eastward and 
westward relative to the sun, as explained in article 1422, staying within the zodiac. 
Superior planets would appear to make one revolution around the earth, from west 
to east, each sidereal period. 

Since the sun (and the earth with it) and all other stars, as far as is known, are 
in motion relative to each other, slow apparent motions would result in slight 
changes in the positions of the stars relative to each other. This space motion (art. 
1414) is, in fact, observed by telescope. That component of such motion across the 
line of sight, called proper motion, produces a change in the apparent position of 
the star. The maximum which has been observed is that of “Barnard’s Star,” which 
is moving at the rate of 1073 per year. This is a tenth-magnitude star, and hence 
not visible to the unaided eye. Of the 57 stars listed on the daily pages of the 
almanacs, Rigil Kentaurus has the greatest proper motion, about 3”7. Arcturus, 
with 273, has the greatest proper motion of the navigational stars in the Northern 
Hemisphere. In a few thousand years proper motion will be sufficient to materially 
alter some familiar configurations of stars, notably the Big Dipper. 

1419. The ecliptic is the path the sun appears to take among the stars due to 
the annual revolution of the earth in its orbit. It is considered a great circle of the 
celestial sphere, inclined at an angle of about 23°27’ to the celestial equator, but 
undergoing a continuous slight change. This angle is called the obliquity of the 
ecliptic. This inclination is due to the fact that the axis of rotation of the earth is 
not perpendicular to its orbit. It is this inclination which causes the sun to appear 
to move north and south during the year, giving the earth its seasons, and chang- 
ing lengths of periods of daylight. This seasonal variation is one of the factors 
making the earth a desirable place on which to live. 

Refer to figure 1407b. The earth is at perihelion early in January and at 
aphelion six months later. On or about June 21, about ten or eleven days before 
reaching aphelion, the northern part of the earth’s axis is tilted toward the sun. 
The north polar regions are having continuous sunlight; the Northern Hemisphere 
is having its summer with long, warm days and short nights; the Southern Hemi- 
sphere is having winter with short days and long, cold nights; and the south polar 
region is in continuous darkness. This is the summer solstice. Three months later, 
about September 23, the earth has moved a quarter of the way around the sun, but 
its axis of rotation still points in about the same direction in space. The sun shines 
equally on both hemispheres, and days and nights are the same length over the 
entire world. The sun is setting at the North Pole, and rising at the South Pole. The 
Northern Hemisphere is having its autumn, and the Southern Hemisphere its 
spring. This is the autumnal equinox. In another three months, on or about 
December 22, the Southern Hemisphere is tilted toward the sun and conditions are 
the reverse of those six months earlier, the Northern Hemisphere having its winter, 
and the Southern Hemisphere its summer. This is the winter solstice. Three 
months later, when both hemispheres again receive equal amounts of sunshine, the - 
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Northern Hemisphere is having spring and the Southern Hemisphere autumn, the 
reverse of conditions six months before. This is the vernal equinox. 

The word “equinox,” meaning “equal nights,” is applied because it occurs at 
the time when days and nights are of approximately equal length all over the 
earth. The word “solstice,” meaning ‘“‘sun stands still,” is applied because the sun 
stops its apparent northward or southward motion and momentarily “stands still” 
before it starts in the opposite direction. This action, somewhat analogous to the 
“stand” of the tide (art. 3104), refers to the motion in a north-south direction only, 
and not to the daily apparent revolution around the earth. Note that it does not 
occur when the earth is at perihelion and aphelion (fig. 1407b). Refer to figure 
1419a. At the time of the vernal equinox, the sun is directly over the equator, 
crossing from the Southern Hemisphere to the Northern Hemisphere. It rises due 
east and sets due west, remaining above the horizon about 12 hours. It is not 
exactly 12 hours because of refraction, semidiameter, and the height of the eye of 
the observer. These cause it to be above the horizon a little longer than below the 
horizon. Following the vernal equinox, the northerly declination increases, and the 
sun climbs higher in the sky each day (at the latitudes of the United States), until 
the summer solstice, when a declination of about 23°27’ north of the celestial 
equator is reached. The sun then gradually retreats southward until it is again over 
the equator at the autumnal equinox, at about 23°27’ south of the celestial equator 
at the winter solstice, and back over the celestial equator again at the next vernal 
equinox. 


234° S 


(December) V5 
Winter Solstice 


FicureE 1419a.—Apparent motion of the sun in the ecliptic. 
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The sun is nearest the earth during the northern hemisphere winter. Hence, it 
is not the distance that is responsible for the difference in temperature during the 
different seasons. The reason is to be found in the altitude of the sun in the sky and 
the length of time it remains above the horizon. During the summer the rays are 
more nearly vertical, and hence more concentrated, as shown in figure 1419b. Since 
the sun is above the horizon more than half the time, heat is being added by 
absorption during a longer period than it is being lost by radiation. This explains 
the lag of the seasons. Following the longest day, the earth continues to receive 
more heat than it dissipates, but at a decreasing proportion. Gradually the propor- 
tion decreases until a balance is reached, after which the earth cools, losing more 
heat than it gains. This is analogous to the day, when the highest temperatures 
normally occur several hours after the sun reaches maximum altitude at meridian 
transit, and for the same reason. A similar lag occurs at other seasons of the year. 
Astronomically, the seasons begin at the equinoxes and solstices. Meteorologically, 
they differ from place to place. 
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Figure 1419b.—Sunlight in summer and winter. 
Compare the surface covered by the same 
amount of sunlight on the two dates. 


By Kepler’s second law, the earth travels faster when nearest the sun, as 
shown in figure 1419c. Hence, the northern hemisphere (astronomical) winter is 
shorter than its summer, the difference being about seven days. 

Everywhere between the parallels of about 23°27'N and about 23°27'S the sun is 
directly overhead at some time during the year. Except at the extremes, this occurs 
twice, once as the sun appears to move northward, and the second time as it moves 
southward. This is the torrid zone. The northern limit is the Tropic of Cancer, and 
the southern limit the Tropic of Capricorn. These names come from the constella- 
tions which the sun entered at the solstices when the names were first applied, 
more than 2,000 years ago. Today, the sun is in the next constellation toward the 
west, because of precession of the equinoxes, described below. The parallels about 
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FicurE 1419c.—Kepler’s second law. Since the 
shaded areas are equal, speed at perihelion is 
greater than at aphelion. 


23°27' from the poles, marking the approximate limits of the circumpolar sun, are 
called polar circles, the one in the Northern Hemisphere being the Arctic Circle 
and the one in the Southern Hemisphere the Antarctic Circle. The areas inside the 
polar circles are the north and south frigid zones. The regions between the frigid 
zones and the torrid zones are the north and south temperate zones. 

The expression “vernal equinox,” and associated expressions, are applied both 
to the times and points of occurrence of the various phenomena. Navigationally, the 
vernal equinox is sometimes called the first point of Aries, because, when the name 
was given, the sun entered the constellation Aries, the ram (1), at this time. This 
point is of interest to navigators because it is the origin of measurement of sidereal 
hour angle (art. 1426). The expressions March equinox, June solstice, September 
equinox, and December solstice are occasionally applied as appropriate, because 
the more common names are associated with the seasons in the Northern Hemi- 
sphere, and are six months out of step for the Southern Hemisphere. 

The axis of the earth is undergoing a precessional motion similar to that of a 
top spinning with its axis tilted. In about 25,800 years the axis completes a cycle 
and returns to the position from which it started. Since the celestial equator is 90° 
from the celestial poles, it too is moving. The result is a slow westward movement 
of the equinoxes and solstices, which has already carried them about 30°, or one 
constellation, along the ecliptic from the positions they occupied when named more 
than 2,000 years ago. Since sidereal hour angle (art. 1426) is measured from the 
vernal equinox, and declination (art. 1426) from the celestial equator, the coordi- 
nates of celestial bodies would be changing even if the bodies themselves were 
stationary. This westward motion of the equinoxes along the ecliptic is called 
precession of the equinoxes (fig. 1419a). The total amount, called general preces- 
sion, is about 50727 per year (in 1975). It may be considered divided into two 
components, precession in right ascension (about 46/10 per year) measured along 
the celestial equator, and precession in declination (about 20704 per year) meas- 
ured perpendicular to the celestial equator. The annual change in the coordinates 
of any given star, due to precession alone, depends upon its position on the celestial 
sphere, since these coordinates are measured relative to the polar axis while the 
precessional motion is relative to the ecliptic axis. 
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Due to precession of the equinoxes, the celestial poles are describing circles in 
the sky. The north celestial pole is moving closer to Polaris, which it will pass at a 
distance of approximately 28’ about the year 2102. Following this, the polar distance 
will increase, and eventually other stars, in their turn, will become the Pole Star. 
Similarly, the south celestial pole will some day be marked by stars of the false 
Southern Cross. 

The precession of the earth’s axis (fig. 1419d) is the result of gravitational 
forces exerted principally by the sun and moon on the earth’s equatorial bulge. The 
spinning earth responds to these forces in the manner of a gyroscope (art. 630). 
Regression of the nodes (art. 1423) introduces certain irregularities known as nuta- 
tion in the precessional motion. 

1420. The zodiac is a circular band of the sky extending 8° on each side of the 
ecliptic. The navigational planets and the moon are within these limits. The zodiac 
is divided into 12 sections of 30° each, each section being given the name and 
symbol (“sign’’) of the constellation within it. These are shown in figure 1420. The 
complete list of signs and names is given in appendix C. 

The sun remains in each part for approximately one month. When the names 
were assigned, more than 2,000 years ago, the sun entered Aries (1°) at the vernal 
equinox, Cancer (¢5) at the summer solstice, Libra (=) at the autumnal equinox, 
and Capricornus (¥3) at the winter solstice. Even though this is no longer true 
because of precession of the equinoxes, these constellations are still used for the 
position of the sun at the times of the equinoxes and solstices. The pseudo science of 
astrology assigns additional significance, not recognized by scientists, to the posi- 
tions of the sun and planets among the signs of the zodiac. 

1421. Time.—Traditionally, astronomy has furnished the basis for measurement 
of time, a subject of primary importance to the navigator. The year is associated 
with the revolution of the earth in its orbit. The day is one rotation of the earth 
about its axis. 

The duration of one rotation of the earth depends upon the external reference 
point used. One rotation relative to the sun is called a solar day. However, rotation 
relative to the apparent sun (the actual sun that appears in the sky) does not 
provide time of uniform rate, because of variations in the rate of revolution and 
rotation of the earth. The error due to lack of uniform rate of revolution is removed 
by using a fictitious mean sun. Thus, mean solar time is nearly equal to the average 
apparent solar time. Because the accumulated difference between these times, 
called equation of time, is continually changing, the period of daylight is shifting 
slightly, in addition to its increase or decrease in length due to changing declina- 
tion. Apparent and mean suns seldom cross the celestial meridian at the same time. 
The earliest sunset (in latitudes of the United States) occurs about two weeks before 
the winter solstice, and the latest sunrise about two weeks after winter solstice. A 
similar but smaller apparent discrepancy occurs at the summer solstice. 

Universal Time is a particular case of the measure known in general as mean 
solar time. Universal Time is the mean solar time on the Greenwich meridian, 
reckoned in days of 24 mean solar hours beginning with 0> at midnight. Universal 
Time and sidereal time are rigorously related by a formula so that if one is known 
the other can be found. 

Universal Time, in principle, is determined by the average rate of the apparent 
daily motion of the sun relative to the meridian of Greenwich; but in practice the 
numerical measure of Universal Time at any instant is computed from sidereal 
time. 
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Figure 1419d.—Precession and nutation. 


Universal Time is the standard in the application of astronomy to navigation. 
Observations of Universal Times are made by observing the times of transit of 


stars. 

If the vernal equino 
from it, sidereal time. This indicates 
this reason is the basis of star charts 


x is used as the reference, a sidereal day is obtained, and 
the approximate positions of the stars, and for 
(art. 2204) and star finders (art. 2210). Because 
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Figure 1420.—The zodiac. 


of the revolution of the earth around the sun, a sidereal day is about 3™56° shorter 
than a solar day, and there is one more sidereal than solar days in a year. One 
mean solar day equals 1.00273791 mean sidereal days. Because of precession of the 
equinoxes, one rotation of the earth with respect to the stars is not quite the same 
as one rotation with respect to the vernal equinox. One mean solar day averages 
1.0027378118868 rotations of the earth with respect to the stars. 

In tide analysis, the moon is sometimes used as the reference, producing a 
lunar day averaging 24"50™ (mean solar units) in length, and lunar time. 

Since each kind of day is divided arbitrarily into 24 hours, each hour having 60 
minutes of 60 seconds, the length of each of these units differs somewhat in the 
various kinds of time. 

Time is also classified according to the terrestrial meridian used as a reference. 
Local time results if one’s own meridian is used, zone time if a nearby reference 
meridian is used over a spread of longitudes, and Greenwich or Universal Time if 
the Greenwich meridian is used. 

The subject of time is discussed in more detail in XVIII. 

1422. Planetary configurations.—Since the orbit of an inferior planet lies 
within that of the earth, the planet and sun are nearly in line twice each synodic 
period of revolution of the inferior planet. When the sun is between the earth and 
the other planet, that planet is at superior conjunction. When the planet is 
between the earth and sun, it is at inferior conjunction. If the orbit of the planet 
had no inclination to the ecliptic, the planet would cross or transit the face of the 
sun at inferior conjunction and be eclipsed or occulted by the sun at superior 
conjunction. Occasionally this does occur. 
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Refer to figure 1422, showing orbits of the earth, Venus (an inferior planet,) 
and Mars (a superior planet). As shown, the relative sizes of the orbits are correct, 
and the relative sizes of the planets are correct, but the planets are too large for 
their orbits and the sun, and the sun is too large for the orbits of the planets. The 
earth is considered stationary in its orbit. The positions of Venus are shown at 
superior and inferior conjunctions. In moving eastward from one to the other. 
Venus appears to move to the left of the sun. As observed from the earth, the angle 
between lines to the sun and a planet, particularly an inferior planet, is called the 
planet’s elongation, which may be designated east or west to indicate the apparent 
position of the planet relative to the sun. As Venus continues along its orbit, its 
elongation increases slowly until the planet arrives at the point where a straight 
line from the earth is tangent to its orbit, when the elongation becomes maximum. 
Here it is called greatest elongation east. As Venus continues along its orbit, its 
elongation decreases rapidly, becoming zero at inferior conjunction. Through the 
second half of its synodic period its elongation increases rapidly to greatest elonga- 
tion west, and then decreases slowly to zero at the next superior conjunction. The 
greatest elongation of Venus is about 46°, but varies because its orbit and that of 
the earth are elliptical, and the phenomenon occurs at different points on the 
orbits. 
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FiGure 1422.—Planetary configurations. 
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The orbit of the planet Mercury lies inside that of Venus, and hence the 
greatest elongation is not as great, being about 28°. It is because the apparent 
position of Mercury is never far from the sun that this planet is not considered 
navigationally important. Since its synodic period of revolution is only 115.9 days, it 
is at conjunction a little oftener than once every two months. By comparison, Venus 
is at conjunction a little oftener than once every ten months, having a synodic 
period of revolution of 583.9 days. 

As shown in figure 1422, an inferior planet goes through all phases similar to 
those of the moon (art. 1423), being “full” at superior conjunction, “new” at inferior 
conjunction, and at “quarter” when it reaches greatest elongation. A telescope is 
needed to see the phases. 

For a superior planet the situation is different. Refer again to figure 1422. 
When the sun is between the earth and the planet, that planet (Mars in the 
illustration) is at conjunction (d). The adjective “superior” is not needed because a 
superior planet, when on the opposite side is away from the sun, or at opposition 
(§) and can never be at inferior conjunction. When its elongation is 90°, a superior 
planet is at east or west quadrature (D), depending upon its apparent position 
relative to the sun. Since a superior planet has a longer period of revolution than 
the earth, it appears to move westward around the sun, being at conjunction, east 
quadrature, opposition, west quadrature, and back to conjunction. It is at “full” 
phase at conjunction and opposition, and gibbous between. 

Unless a planet is in the ecliptic, it is not directly in line with the earth and 
sun at conjunction and opposition. These points are defined as those at which either 
the sidereal hour angles (art. 1426) or the celestial longitudes (art. 1430) are the 
same (in the case of conjunction) or 180° apart (at opposition). 

The apparent positions of the planets in relation to other members of the solar 
system, particularly the relationships shown in figure 1422, are called planetary 
configurations. The motions of planets with respect to the sun would be true, 
generally with respect to the stars, also, if the earth were stationary in its orbit, as 
shown. However, because of the earth’s motion around the sun, the sun appears to 
move eastward among the stars. This is usually the direction of apparent motion of 
the planets, too, and is called direct motion. When a planet is near opposition or 
inferior conjunction, its apparent westerly motion relative to the sun is greater than 
the apparent easterly motion of the sun relative to the stars, and the planet appears 
to move in a westerly direction relative to the stars. This is called retrograde 
motion. 

The brightest planet in the western sky following sunset is popularly called the 
evening star, and the brightest planet in the eastern sky preceding sunrise is 
popularly called the morning star. 

1423. Phases of the moon.—Relative to the sun, the moon makes one complete 
trip around the celestial sphere each synodical month (about 29¥% days). As it does 
so, it goes through a cycle of aspects or phases to an observer on the earth, because 
the moon, like the planets, shines chiefly by reflected light from the sun. The orbit 
of the moon is inclined about 5° to the ecliptic, and undergoes a precessional motion 
called regression of the nodes. It is similar to precession of the equinoxes of the 
earth (art. 1419), and is chiefly responsible for nutation (art. 1417). However, the 
cycle is completed in a little more than 18 years, as compared with about 25,800 
years for the earth. 

Because of the small inclination of its orbit, the moon is never far from the 
ecliptic. At conjunction, when the moon passes nearly between the earth and sun, 
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its illuminated portion is away from the earth (toward the sun), as shown in figure 
1423. (In this illustration, the outer figures show various positions of the moon 
relative to the earth and sunlight. The inner circle of moons shows the appearance 
from the earth.) It is then a new moon, and may be barely visible because of 
earthshine, which is sunlight reflected from the illuminated side of the earth. To an 
observer on the moon, the “full earth” would be visible at this time, three and one- 
half times as great in diameter and nearly 40 times as bright as the full moon 
appears to an observer on the earth. Since it is at conjunction, the new moon rises, 
transits the celestial meridian, and sets at approximately the same time as the sun. 
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Ficure 1423.—Phases of the moon. The inner figures of the moon represent its appearance from the 
earth. 


A day later the moon has moved about 12°2 eastward of the sun and a thin 
crescent appears on the side toward the sun, with the horns or cusps pointing away 
from the sun. The moon is low in the western sky after sunset. Because of glow 
from this illuminated portion, and the fact that the side of the earth toward the 
moon is not quite “full,” that part of the moon illuminated by earthshine is not 
quite as bright. Each day the moon moves approximately 12.2 east, relative to the 
sun. As it does so, the crescent grows fatter, and the earthshine less conspicuous. 

When the moon reaches quadrature, about a week after new moon, it is at first 
quarter. That half of the moon toward the sun is illuminated. The moon is now 
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about 90° or six hours behind the sun. It rises about noon, is on the celestial 
meridian about 6 pM, and sets about midnight. 

As the moon continues eastward on successive days, the line separating the 
illuminated and dark portions, called the terminator, moves on across the moon. 
The moon is now in the gibbots phase, which continues until the moon is at 
opposition, or full moon. It now rises about the time of sunset, reaches the celestial 
meridian about midnight, and sets about the time of sunrise. 

On succeeding days the moon again becomes gibbous, and at quadrature it is at 
last quarter, rising about midnight, crossing the celestial meridian about 6 AM, and 
setting about noon. During the remainder of its cycle the moon again goes through 
the crescent phase and returns to new moon to start another cycle. 

During the first half of the cycle, the moon is waxing, and during the second 
half it is waning. The elapsed time since new moon, usually expressed as days and 
tenths of a day is called age of the moon. Since the moon appears to move eastward 
relative to the sun, crossing the meridian later each day, one day each synodical 
month is without a moonrise, and another is without a moonset. 

The times of moonrise and moonset indicated above are approximate only. 
When the difference between the declination of the sun and moon is considerable, 
the times given may be in error by as much as several hours, particularly in high 
latitudes. The times of crossing the celestial meridian vary through smaller limits. 

At full moon, the sun and moon are on opposite sides of the ecliptic. Therefore, 
in the winter the full moon rises early, crosses the celestial meridian high in the 
sky, and sets late; as the sun does in the summer. In the summer the full moon 
rises in the southeastern part of the sky (Northern Hemisphere), remains relatively 
low in the sky, and sets along the southwestern horizon after a short time above the 
horizon. 

At the time of the autumnal equinox, that part of the ecliptic opposite the sun 
is most nearly parallel to the horizon. Since the eastward motion of the moon is 
approximately along the ecliptic, the delay in the time of rising of the full moon 
from night to night is less than at other times of the year. The full moon nearest 
the autumnal equinox is called the harvest moon. The full moon occurring about a 
month later is called the hunter’s moon. 

1424. Eclipses.—Because of the inclination of the moon’s orbit with respect to 
the ecliptic, the sun, earth, and moon are usually not so nearly in line at conjunc- 
tion and opposition of the moon that either the earth or moon passes through the 
shadow of the other. However, when this does occur, an eclipse takes place. Since 
the sun and moon are of nearly the same apparent size to an observer on the earth, 
an eclipse is a much more spectacular occurrence than the transit of an inferior 
planet across the face of the sun, or the occultation of a star or planet by the sun or 
moon (art. 1422). 

When conditions are suitable, the moon passes between the sun and earth, as 
shown in figure 1424a. If the moon’s apparent diameter is larger than that of the 
sun, the moon being near perigee, its shadow reaches the earth as a nearly round 
dot only a few miles in diameter. The dot moves rapidly across the earth, from west 
to east, as the moon continues in its orbit. Within the dot, the sun is completely 
hidden from view, and a total eclipse of the sun occurs. For a considerable distance 
around the shadow, part of the surface of the sun is obscured, and a partial eclipse 
occurs. In the line of travel of the shadow a partial eclipse occurs as the round disk 
of the moon appears to move slowly across the surface of the sun, hiding an ever- 
increasing part of it, until the total eclipse occurs. Because of the uneven edge of 
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the mountainous moon, the light is not cut off evenly, but several last illuminated 
portions appear through the valleys or passes between the mountain peaks. These 
are called Baily’s Beads. A total eclipse is a spectacular phenomenon. As the last 
light from the sun is cut off, the solar corona, or envelope of thin, illuminated gas 
around the sun, becomes visible. Wisps of more dense gas may appear as solar 
prominences (fig. 1424b). The only light reaching the observer is that diffused by 
the atmosphere surrounding the shadow. As the moon appears to continue on 
across the face of the sun, the sun finally emerges from the other side, first as 


Baily’s Beads, and then as an ever widening crescent until no part of its surface is 
obscured by the moon. 
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Figure 1424a.—Kclipses of the sun and moon. 


Courtesy of Mt. Wilson and Palomar Observatories. 
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The duration of a total eclipse depends upon how nearly the moon crosses the 
center of the sun, the location of the shadow on the earth, the relative orbital 
speeds of the moon and earth, and (principally) the relative apparent diameters of 
the sun and moon. The maximum length that can occur is a little more than seven 
minutes. ‘ 

If the apparent diameter of the moon is less than that of the sun, its shadow 
does not quite reach the earth. Over a small area of the earth directly in line with 
the moon and sun, the moon appears as a black disk almost covering the surface of 
the sun, but with a thin ring of the sun around its edge. This is an annular eclipse, 
and occurs a little more often than a total eclipse. 

If the shadow of the moon passes close to the earth, but not directly in line 
with it, a partial eclipse may occur without a total or annular eclipse. 

An eclipse of the moon occurs when the moon passes through the shadow of the 
earth, as shown in figure 1424a. Since the diameter of the earth is about three and 
one-half times that of the moon, the earth’s shadow at the distance of the moon is 
much larger than that of the moon. A total eclipse of the moon can last nearly one 
and three-quarters hours, and some part of the moon may be in the earth’s shadow 
for almost four hours. During a total solar eclipse no part of the sun is visible 
because a body (the moon) intervenes in the line of sight. During a lunar eclipse 
some light does reach the moon because of diffraction by the atmosphere of the 
earth, and hence the eclipsed full moon is visible as a faint reddish disk. A lunar 
eclipse is visible over the entire hemisphere of the earth facing the moon. Anyone 
who can see the moon can see the eclipse. 

During any one year there may be as many as five eclipses of the sun, and 
always there are at least two. There may be as many as three eclipses of the moon, 
or none. The total number of eclipses during a single year does not exceed seven, 
and can be as few as two. There are more solar than lunar eclipses, but the latter 
are more numerous at any one place because of the restricted areas over which 
solar eclipses are visible. 

The two points of intersection of the moon’s orbit and the ecliptic are called 
nodes, and the line connecting them, the line of nodes. Eclipses occur when the 
sun, earth, and moon are nearly on this line, twice each eclipse year of 346.6 days. 
This is less than a calendar year because of regression of the nodes (art. 1423). In a 
little more than 18 years the line of nodes returns to approximately the same 
position with respect to the sun, earth, and moon. During an almost equal period, 
called the saros, a cycle of eclipses occurs. During the following saros the cycle is 
repeated with only minor differences. 

Eclipses have considerable value in establishing additional facts about the sun 
and moon, and in determining distances between two widely separated points on 
the earth, at which accurate timing of the eclipse is made. 


Coordinates 


1425. Latitude and longitude are coordinates used for locating positions on the 
earth. Several types, differing slightly from each other, are defined. Three of these 
are discussed here. 

Astronomic latitude is the angle (ABQ, fig. 1425) between a line in the direc- 
tion of gravity (AB) at a station and the plane of the equator (QQ’). Astronomic 
longitude is the angle between the plane of the celestial meridian at a station and 
the plane of the celestial meridian at Greenwich. These coordinates are customarily 
found by means of celestial observations. If the earth were perfectly homogeneous - 
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and level, these positions would be consistent and satisfactory. However, because of 
deflection of the vertical (app. X) due to uneven distribution of the mass of the 
earth, lines of equal astronomic latitude and longitude are not circles, although the 
irregularities are small. In the United States the prime-vertical component (affect- 
ing longitude) may be a little more than 18”, and the meridional component 
(affecting latitude) as much as 25”. 
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Figure 1425.—Three kinds of latitude at point A. 


Geodetic latitude is the angle (ACQ, fig. 1425) between a normal to the spheroid 
(AC) at a station and the plane of the geodetic equator (QQ’). Geodetic longitude is 
the angle between the plane defined by the normal to the spheroid and the axis of 
the earth, and the plane of the geodetic meridian at Greenwich. These values are 
obtained when astronomical latitude and longitude are corrected for deflection of 
the vertical. These coordinates are the ones used for charting, and are frequently 
referred to as geographic latitude and geographic longitude, although these expres- 
sions are sometimes used to refer to astronomical latitude 

Geocentric latitude is the angle (ADQ, fig. 1425) at the center of the ellipsoid 
between the plane of its equator (QQ’) and a straight line (AD) to a point on the 
surface of the earth. This differs from geodetic latitude because the earth is a 
spheroid, rather than a sphere, and the meridians are ellipses. Since the parallels of 
latitude are considered to be circles, geodetic longitude is geocentric, and a separate 
expression is not used. The difference between geocentric and geodetic latitudes is a 
maximum of about 11/6 at latitude 45’. 

Because of the oblate shape of the ellipsoid, the length of a degree of geodetic 
latitude is not everywhere the same, increasing from about 59.7 nautical miles at 
the equator to about 60.3 nautical miles at the poles, as shown by table 6. The value 
of 60 nautical miles customarily used everywhere by the navigator is correct at 
about latitude 45°. 


Measurement on the Celestial Sphere 


1426. Elements of the celestial sphere.—The celestial sphere (art. 1403) is an 
imaginary sphere of infinite radius with the earth at its center (fig. 1426a). The 
north and south celestial poles of this sphere are located by extension of the earth’s 
axis. The celestial equator (sometimes called equinoctial) is formed by projecting 
the plane of the earth’s equator to the celestial sphere. A celestial meridian is 
formed by the intersection of the plane of a terrestrial meridian, extended, and the 
celestial sphere. It is the arc of a great circle through the poles of the celestial 


sphere. 
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FicureE 1426a.—Elements of the celestial sphere. The celestial equator is the 
primary great circle. 


The point on the celestial sphere vertically overhead of an observer is the 
zenith and the point on the opposite side of the sphere, vertically below him, is the 
nadir. The zenith and nadir are the extremities of a diameter of the celestial sphere 
through the observer and the common center of the earth and the celestial sphere. 
The arc of a celestial meridian between the poles is called the upper branch if it 
contains the zenith and the lower branch if it contains the nadir. The upper branch 
is frequently used in navigation and references to a celestial meridian are under- 
stood to mean only its upper branch unless otherwise stated. Celestial meridians 
take the names, as 65° west, of their terrestrial counterparts. 

An hour circle is a great circle through the celestial poles and a point or body 
on the celestial sphere. It is similar to a celestial meridian, but moves with the 
celestial sphere as it rotates about the earth, while a celestial meridian remains 
fixed with respect to the earth. 

The location of a body along its hour circle is defined by the body’s angular 
distance from the celestial equator. This distance, called declination, is measured 
north or south of the celestial equator in degrees, from 0° through 90°, similar to 
latitude on the earth. 

A circle parallel to the celestial equator is called a parallel of declination, since 
it connects all points of equal declination. It is similar to a parallel of latitude on 
the earth. The path of a celestial body during its daily apparent revolution around 
the earth is called its diurnal circle. It is not actually a circle if a body changes its - 
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declination. Since the declination of all navigational bodies is continually changing, 
the bodies are describing flat, spherical spirals as they circle the earth. However, 
since the change is relatively slow, a diurnal circle and a parallel of declination are 
usually considered identical. 

A point on the celestial sphere may be identified at the intersection of its 
parallel of declination and its hour circle. The parallel of declination is identified by 
the declination. 

Two basic methods of locating the hour circle are in use. Its angular distance 
west of a reference hour circle through a point on the celestial sphere called the 
vernal equinox or first point of Aries is called sidereal hour angle (SHA) (fig. 
1426b). This angle measured eastward from the vernal equinox is called right 
ascension, and is usually expressed in time units. 
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Ficure 1426b.—A point on the celestial sphere can be located by its declination 
and sidereal hour angle. 


The second method of locating the hour circle is to indicate its angular distance 
west of a celestial meridian (fig. 1426c). If the Greenwich celestial meridian is used 
as the reference, the angular distance is called Greenwich hour angle (GHA), and if 
the meridian of the observer, it is called local hour angle (LHA). It is sometimes 
more convenient to measure hour angle either eastward or westward, as longitude 
is measured on the earth, in which case it is called meridian angle (t). These 


coordinates are discussed further in article 1428. 
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Ficure 1426c.—A point on the celestial sphere can be located by its declination 
and hour angle. 


A point on the celestial sphere may also be located by means of altitude and 
azimuth, coordinates based upon the horizon as the primary great circle, instead of 
the celestial equator. This system is discussed in article 1430. 

Two additional systems used by astronomers are based upon the ecliptic (art. 
1419) and the galactic equator (the approximate mid great circle of the galaxy). The 
coordinates of the ecliptic system are celestial latitude and celestial longitude and 
those of the galactic system are galactic latitude and galactic longitude. 

1427. Coordinate systems.—Various systems of coordinates on the celestial 
sphere, all of them similar to the familiar latitude and longitude on the earth, were 
discussed briefly in article 1426. Of these, the navigator is rarely concerned with 
any but the celestial equator system and the horizon system. The former is but an 
extension to the celestial sphere of the geographical system of the earth. The latter 
is a similar system in which the horizon replaces the celestial equator as the 
primary great circle, and the zenith and nadir are the poles. These two systems are 
the almost constant companions of the celestial navigator. 

1428. The celestial equator system of coordinates.—If the familiar graticule of 
latitude and longitude lines is expanded until it reaches the celestial sphere of 
infinite radius, it forms the basis of the celestial equator system of coordinates, as 
explained in article 1426. On the celestial sphere the familiar latitude becomes 
declination (Dec. or d), and longitude, measured always toward the west, through 
360°, becomes sidereal hour angle (SHA) if measured from the vernal equinox. 
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Declination (Dec. or d) is angular distance north or south of the celestial 
equator (d in fig. 1428a). It is measured along an hour circle, from 0° at the celestial 
equator through 90° at the celestial poles, and is labeled N or S to indicate the 


direction of measurement. All points having the same declination lie along a 
parallel of declination. 
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Ficure 1428a.—The celestial equator system of coordinates, show- 
ing measurements of declination, polar distance, and local hour 
angle. 


Polar distance (p) is angular distance from a celestial pole, or the arc of an 
hour circle between the celestial pole and a point on the celestial sphere. It is 
measured along an hour circle and may vary from 0° to 180°, since either pole may 
be used as the origin of measurement. It is usually considered the complement of 
declination, though it may be either 90°—d or 90°+d, depending upon the pole 
used. 

Local hour angle (LHA) is angular distance west of the local celestial meridian, 
or the arc of the celestial equator between the upper branch of the local celestial 
meridian and the hour circle through a point on the celestial sphere, measured 
westward from the local celestial meridian, through 360°. It is also the similar arc 
of the parallel of declination and the angle at the celestial pole, similarly measured. 
If the Greenwich (0°) meridian is used as the reference, instead of the local meridi- 
an, the expression Greenwich hour angle (GHA) is applied. It is sometimes conven- 
ient to measure the arc or angle in either an easterly or westerly direction from the 
local meridian, through 180°, when it is called meridian angle (t) and labeled E or 
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W to indicate the direction of measurement. All bodies or other points having the 
same hour angle lie along the same hour circle. 

Because of the apparent daily rotation of the celestial sphere, hour angle 
continually increases, but meridian angle increases from 0° at the celestial meridi- 
an to 180°W, which is also 180°R, and then decreases to 0° again. The rate of change 
for the mean sun (art. 1421) is 15° per hour. The rate of all other bodies except the 
moon is within 3’ of this value. The average rate of the moon is about 14°5. 

As the celestial sphere rotates, each body crosses each branch of the celestial 
meridian approximately once a day. This crossing is called meridian transit (some- 
times called culmination). It may be called upper transit to indicate crossing of the 
upper branch of the celestial meridian, and lower transit to indicate crossing of the 
lower branch. 

The time diagram shown in figure 1428b illustrates the relationship between 
the various hour angles and meridian angle. The circle is the celestial equator as 
seen from above the South Pole, with the upper branch of the observer’s meridian 
(PsM) at the top. The radius PsG is the Greenwich meridian, P,¥ the hour circle of 
the vernal equinox, and P;S and P;S’ the hour circles of celestial bodies to the west 
and east, respectively, of the observer’s celestial meridian. Note that when LHA is 
less than 180°, t is numerically the same and is labeled W, but that when LHA is 
greater than 180°, t=360°—LHA and is labeled E. In figure 1428b arc GM is the 
longitude, which in this case is west. The relationships shown apply equally to other 
arrangements of radii, except for relative magnitudes of the quantities involved. 


Ficure 1428b.—Time diagram. Local hour angle, Greenwich hour angle, and 
sidereal hour angle are measured westward through 360°. Meridian angle is 
measured eastward or westward through 180° and labled E or W to indicate the 
direction of measurement. 


1429. The horizons.—The second set of celestial coordinates with which the 
navigator is directly concerned is based upon the horizon as the primary great. 
circle. However, since several different horizons are defined, these should be thor- 
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oughly understood before proceeding with a consideration of the horizon system of 
coordinates. 

The line where earth and sky appear to meet is called the visible or apparent 
horizon. On land this is usually an irregular line unless the terrain is level. At sea 
the visible horizon appears very regular and often very sharp. However, its position 
relative to the celestial sphere depends primarily upon (1) the refractive index of the 
air, and (2) the height of the observer’s eye above the surface. 

Figure 1429 shows a cross section of the earth and celestial sphere through the 
position of an observer at A above the surface of the earth. A straight line through 
A and the center of the earth O is the vertical of the observer, and contains his 
zenith (Z) and nadir (Na). A plane perpendicular to the true vertical is a horizontal 
plane, and its intersection with the celestial sphere is a horizon. It is the celestial 
horizon if the plane passes through the center of the earth, the geoidal horizon if 
it is tangent to the earth, and the sensible horizon if it passes through the eye of 
the observer at A. Since the radius of the earth is considered negligible with respect 
to that of the celestial sphere, these horizons become superimposed, and most 
measurements are referred only to the celestial horizon. This is sometimes called 
the rational horizon from the latin word “ratio,” reckoning. 

If the eye of the observer is at the surface of the earth, his visible horizon 
coincides with the plane of the geoidal horizon; but when elevated above the 
surface, as at A, his eye becomes the vertex of a cone which, neglecting refraction, 
is tangent to the earth at the small circle BB, and which intersects the celestial 
sphere in B'B’, the geometrical horizon. This expression is sometimes—but less 
appropriately—applied to the celestial horizon. 

Because of refraction (art. 1606), the visible horizon C’C’ appears above but is 
actually slightly below the geometrical horizon as shown in figure 1429. 

Z 


Sensible Horizon 


Geoidal Horizon 


Celestial Horizon 


FiGurE 1429.—The horizons used in navigation. 


For any elevation above the surface, the celestial horizon is usually above the 
geometrical and visible horizons, the difference increasing as elevation increases. It 
is thus possible to observe a body which is above the visible horizon but below the 
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celestial horizon. That is, the body’s altitude is negative and its zenith distance is 
greater than 90° (art. 1430). 

1430. The horizon system of coordinates is based upon the celestial horizon as 
the primary great circle, and a series of secondary vertical circles, which are great 
circles through the zenith and nadir of the observer and hence perpendicular to his 
horizon (fig. 1480a). Thus, the celestial horizon is similar to the equator, and the 
vertical circles are similar to meridians, but with one important difference. The 
celestial horizon and vertical circles are dependent upon the position of the observ- 
er and hence move with him as he changes position, while the primary and 
secondary great circles of both the geographical and celestial equator systems are 
independent of the observer. The horizon and celestial equator systems coincide for 
an observer at the geographical pole of the earth, and are mutually perpendicular 
for an observer on the equator. At all other places the two are oblique. 


Ficure 1430a.—Elements of the celestial sphere. The celestial horizon is the 
primary great circle. 


The vertical circle through the north and south points of the horizon passes 
through the poles of the celestial equator system of coordinates. One of these poles 
(having the same name as the latitude) is above the horizon and is called the 
elevated pole. The other, called the depressed pole, is below the horizon. Since this 
vertical circle is a great circle through the celestial poles, and includes the zenith of 
the observer, it is also a celestial meridian. In the horizon system it is called the 
principal vertical circle. The vertical circle through the east and west points of the 


NAVIGATIONAL ASTRONOMY 395 


horizon, and hence perpendicular to the principal vertical circle, is called the prime 
vertical circle, or simply the prime vertical. 

As shown in figure 1430b, altitude is angular distance above the horizon. It is 
measured along a vertical circle, from 0° at the horizon through 90° at the zenith. 
Altitude measured from the visible horizon may exceed 90° because of the dip of the 
horizon, as shown in figure 1429. Angular distance below the horizon, called nega- 
tive altitude, is provided for by including certain negative altitudes in some tables 
for use in celestial navigation, such as Pub. No. 249. All points having the same 
altitude lie along a parallel of altitude or almucantar. 
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Zenith distance (z) is angular distance from the zenith, or the arc of i eee 
circle between the zenith and a point on the celestial sphere. It is etal a oa : 
vertical circle from 0° through 180°. It is usually considered ane one ee 
altitude. For a body above the celestial horizon it is equal be 90°—h an ora : s 
below the celestial horizon it is equal to 90°—(—h) or 90°+h; or 90°+a negativ 
Ew horizontal direction of a point on the celestial sphere, or the bearing of ie 
geographical position is called azimuth or azimuth angle depending ae a 

thod of measurement. In both methods it is an arc of the horizon (or paralle i 
uititude) or an angle at the zenith. It is azimuth (Zn) if measured ee a eat 
360°, starting at the north point on the horizon; and azimuth angle (Z) if measu 
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either clockwise or counterclockwise through 180°, starting at the north point of the 
horizon in north latitude and the south point of the horizon in south latitude. 

The ecliptic system is based upon the ecliptic as the primary great circle, 
analogous to the equator. The points 90° from the ecliptic are the north and south 
ecliptic poles. The series of great circles through these poles, analogous to merid- 
ians, are circles of latitude. The circles parallel to the plane of the ecliptic, analo- 
gous to parallels on the earth, are parallels of latitude or circles of longitude. 
Angular distance north or south of the ecliptic, analogous to latitude, is celestial 
latitude. Celestial longitude is measured eastward along the ecliptic through 360°, 
starting at the vernal equinox. This system of coordinates is of interest chiefly to 
astronomers. Another system of interest primarily to astronomers is known as the 
galactic system. 

1431. Summary of coordinate systems.—The four systems of celestial coordi- 
nates are analogous to each other and to the terrestrial system, although each has 
distinctions such as differences in directions, units, and limits of measurement. The 
following table indicates the analogous term or terms under each system. For 
differences, see the description of each system, given earlier in the chapter, or 
appendix E. 


Earth Celestial Equator Horizon Ecliptic 
equator celestial equator horizon ecliptic 
poles celestial poles zenith, nadir ecliptic poles 
meridians hour circles, celestial vertical circles circles of latitude 
meridians 
prime meridian hour circle T, Green- | principal vertical circle of latitude 
wich celestial me- circle, prime vertical through © 


ridian, local celestial 
meridian 


circle 


parallels parallels of declination | parallels of altitude parallels of latitude 
latitude declination altitude celestial latitude 
colatitude polar distance zenith distance celestial colatitude 
longitude azimuth, azimuth celestial longitude 


SHA, RA, GHA, 
LHA, t 


angle, amplitude 


1432. Diagram on the plane of the celestial meridian.—From a point outside 
the celestial sphere (if this were possible) and over the celestial equator, at such a 
distance that the view would be orthographic, the great circle appearing as the 
outer limit would be a celestial meridian. Other celestial meridians would appear as 
ellipses. The celestial equator would appear as a diameter 90° from the poles, and 
parallels of declination as straight lines parallel to the equator. The view would be 
similar to the orthographic view of the earth, as shown in figure 319b. 

A number of useful relationships can be demonstrated by drawing a diagram 
on the plane of the celestial meridian showing this orthographic view. Arcs of 
circles can be substituted for the ellipses without destroying the basic relationships. 
Refer to figure 1432a. In the lower diagram the circle represents the celestial 
meridian, QQ the celestial equator, Pn and Ps the north and south celestial poles, 
respectively. If a star has a declination of 30° N, an angle of 80° can be measured- 
from the celestial equator, as shown. It could be measured either to the right or 
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left, and would have been toward the south pole if the declination had been south. 
The parallel of declination is a line through this point and parallel to the celestial 
equator. The star is somewhere on this line (actually a circle viewed on edge). 

To locate the hour circle, draw the upper diagram so that Pn is directly above 
Pn of the lower figure (in line with the polar axis Pn Ps), and the circle is of the 
same diameter as that of the lower figure. This is the plan view, looking down on 
the celestial sphere from the top. The circle is the celestial equator. Since the view 
is from above the north celestial pole, west is clockwise. The diameter QQ’ is the 
celestial meridian shown as a circle in the lower diagram. If the right half is 
considered the upper branch, local hour angle is measured clockwise from this line 
to the hour circle, as shown. In this case the LHA is 80°. The intersection of the 
hour circle and celestial equator, point A, can be projected down to the lower 
diagram (point A’) by a straight line parallel to the polar axis. The elliptical hour 
circle can be represented approximately by an arc of a circle through A’, Pn, Ps. 
The center of this circle is somewhere along the celestial equator line QQ’, extended 
if necessary. It is usually found by trial and error. The intersection of the hour 
circle and parallel of declination locates the star. 

Since the upper diagram serves only to locate point A’ in the lower diagram, 
the two can be combined. That is, the LHA arc can be drawn in the lower diagram, 
as shown, and point A projected upward to A’. In practice, the upper diagram is not 
drawn, being shown here for illustrative purposes only. 

In this example the star is on that half of the sphere toward the observer, or 
the western part. If LHA had been greater than 180°, the body would have been on 
the eastern or “‘back”’ side. 

From the east or west point over the celestial horizon, the orthographic view of 
the horizon system of coordinates would be similar to that of the celestial equator 
system from a point over the celestial equator (fig. 1432a), since the celestial 
meridian is also the principal vertical circle. The horizon would appear as a diame- 
ter, parallels of altitude as straight. lines parallel to the horizon, the zenith and 
nadir as poles 90° from the horizon, and vertical circles as ellipses through the 
zenith and nadir, except for the principal vertical circle, which would appear as a 
circle, and the prime vertical, which would appear as a diameter perpendicular to 
the horizon. 

A celestial body can be located by altitude and azimuth in a manner similar to 
that used with the celestial equator system. If the altitude is 25°, this angle is 
measured from the horizon toward the zenith and the parallel of altitude is drawn 
as a straight line parallel to the horizon, as shown at hh’ in the lower diagram of 
figure 1432b. The plan view from above the zenith is shown in the upper diagram. If 
north is taken at the left, as shown, azimuths are measured clockwise from this 
point. In the figure the azimuth is 290° and the azimuth angle is N70°W. The 
vertical circle is located by measuring either arc. Point A thus located can be 
projected vertically downward to A’ on the horizon of the lower diagram, and the 
vertical circle represented approximately by the arc of a circle through A’ and the 
zenith and nadir. The center of this circle is on NS, extended if necessary. The body 
is at the intersection of the parallel of altitude and the vertical circle. Since the 
upper diagram serves only to locate A’ on the lower diagram, the two can be 
combined, point A located on the lower diagram and projected upward to A’, as 
shown. Since the body of the example has an azimuth greater than 180°, it is on the 


western or “front” side of the diagram. 
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FicureE 1432a.—Measurement of celestial FIGURE 1432b.—Measurement of horizon 
equator system of coordinates. system of coordinates. 


Since the celestial meridian appears the same in both the celestial equator and 
horizon systems, the two diagrams can be combined and, if properly oriented, a 
body can be located by one set of coordinates, and the coordinates of the other 
system can be determined by measurement. 

Refer to figure 1432c, in which the black lines represent the celestial equator 
system, and the red lines the horizon system. By convention, the zenith is shown at 
the top and the north point of the horizon at the left. The west point on the horizon 
is at the center, and the east point directly behind it. In the figure the latitude is 
37°N. Therefore, the zenith is 37° north of the celestial equator. Since the zenith is 
established at the top of the diagram, the equator can be found by measuring an 
arc of 37° toward the south, along the celestial meridian. If the declination is 380°N 
and the LHA is 80°, the body can be located as shown by the black lines, and 
described above. 

The altitude and azimuth can be determined by the reverse process to that 
described above. Draw a line hh’ through the body and parallel to the horizon, NS. 
The altitude, 25°, is found by measurement, as shown. Draw the arc of a circle 
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Na 


FicurE 1432c.—Diagram on the plane of the celestial meridian. 


through the body and the zenith and nadir. From A’, the intersection of this arc 
with the horizon, draw a vertical line intersecting the circle at A. The azimuth, 
N70°W, is found by measurement, as shown. The prefix N is applied to agree with 
the latitude. The body is left (north) of ZNa, the prime vertical circle. The suffix W 
applies because the LHA, 80°, shows that the body is west of the meridian. 

If altitude and azimuth are given, the body is located by means of the red lines. 
The parallel of declination is then drawn parallel to QQ’, the celestial equator, and 
the declination determined by measurement. Point L’ is located by drawing the arc 
of a circle through Pn, the star, and Ps. From L' a line is drawn perpendicular to 
QQ’, locating L. The meridian angle is then found by measurement. The declination 
is known to be north because the body is between the celestial equator and the 
north celestial pole. The meridian angle is west to agree with the azimuth, and 
hence LHA is numerically the same. 

Since QQ’ and PnPs are perpendicular, and ZNa and NS are also perpendicular, 
arc NPn is equal to arc ZQ. That is, the altitude of the elevated pole is equal to the 
declination of the zenith, which is equal to the latitude. This relationship is the 
basis of the method of determining latitude by an observation of Polaris (art. 2105). 

The diagram on the plane of the celestial meridian is useful in approximating a 
number of relationships. Consider figure 1432d. The latitude of the observer (NPn 
or ZQ) is 45°N. The declination of the sun (@4) is 20°N. Neglecting the change in 
declination for one day, note the following: At sunrise, position 1, the sun is on the 
horizon (NS), at the “back” of the diagram. Its altitude, h, is 0°. Its azimuth angle, 
Z, is the arc NA, N63°E. This is prefixed N to agree with the latitude and suffixed E 
to agree with the meridian angle of the sun at sunrise. Hence, Zn=0° + 63° =063°. 
The amplitude, A, is the arc ZA, E27°N. The meridian angle, t, is the arc QL, 110°E. 
The suffix E is applied because the sun is east of the meridian at rising. The LHA is 


360° — 110° = 250°. 
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Figure 1432d.—A diagram on the plane of the celestial 
meridian for lat. 45° N. 


As the sun moves upward along its parallel of declination, its altitude in- 
creases. It reaches position 2 at about 0600, when t=90°E. At position 3 it is on the 
prime vertical, ZNa. Its azimuth angle, Z, is N90°E, and Zn=090°. The altitude is 
Nh' or Sh, 27°. 

Moving on up its parallel of declination, it arrives at position 4 on the celestial 
meridian about noon—when t and LHA are both 0°, by definition. On the celestial 
meridian a body’s azimuth is 000° or 180°. In this case it is 180° because the body is 
south of the zenith. The maximum altitude occurs at meridian transit, in this case 
the arc S4, 65°. The zenith distance, z, is the arc Z4, 25°. A body is not in the zenith 
at meridian transit unless its declination is numerically, and by name, the same as 
the latitude. 

Continuing on, the sun moves downward along the “front” or western side of 
the diagram. At position 3 it is again on the prime vertical. The altitude is the same 
as when previously on the prime vertical, and the azimuth angle is numerically the 
same, but now measured toward the west. The azimuth is 270°. The sun reaches 
position 2, six hours after meridian transit, and sets at position 1, when the 
azimuth angle is numerically the same as at sunrise, but westerly, and 
Zn =360° — 63° =297°. The amplitude is W27°N. 

After sunset the sun continues on downward along its parallel of declination 
until it reaches position 5, on the lower branch of the celestial meridian, about 
midnight. Its negative altitude, arc N5, is now greatest, 25°, and its azimuth is 000°. 
At this point it starts back up along the “back” of the diagram, arriving at position 
1 at the next sunrise, to start another cycle. 

Half the cycle is from the crossing of the 90° hour circle (the PnPs line, position 
2) to the upper branch of the celestial meridian (position 4) and back to the PnPs 
line (position 2). When the declination and latitude have the same name (both north 
or both south), more than half the parallel of declination (position 1 to 4 to 1) is 
above the horizon, and the body is above the horizon more than half the time, . 
crossing the 90° hour circle above the horizon. It rises and sets on the same side of 
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the prime vertical as the elevated pole. If the declination is of the same name but 
numerically smaller than the latitude, the body crosses the prime vertical above the 
horizon. If the declination and latitude have the same name and are numerically 
equal, the body is in the zenith at upper transit. If the declination is of the same 
name but numerically greater than the latitude, the body crosses the upper branch 
of the celestial meridian between the zenith and elevated pole, and does not cross 
the prime vertical. If the declination is of the same name as the latitude and 
complementary to it (d+L=90°), the body is on the horizon at lower transit, and 
does not set. If the declination is of the same name as the latitude and numerically 
greater than the colatitude, the body is above the horizon during its entire daily 
cycle, and has maximum and minimum altitudes, as shown by the black dotted line 
in figure 14382d. 

If the declination is 0° at any latitude, the body is above the horizon half the 
time, following the celestial equator QQ’, and rising and setting on the prime 
vertical. If the declination is of contrary name (one north and the other south), the 
body is above the horizon less than half the time, and crosses the 90° hour circle 
below the horizon. It rises and sets on the opposite side of the prime vertical from 
the elevated pole. If the declination is of contrary name and numerically smaller 
than the latitude, the body crosses the prime vertical below the horizon. This is the 
situation with the sun in winter, when days are short. If the declination is of 
contrary name and numerically equal to the latitude, the body is in the nadir at 
lower transit. If the declination is of contrary name and complementary to the 
latitude, the body is on the horizon at upper transit. If the declination is of contrary 
name and numerically greater than the colatitude, the body does not rise. 

All of these relationships, and those that follow, can be derived by means of a 
diagram on the plane of the celestial meridian. They are modified slightly by 
atmospheric refraction, height of eye, semidiameter, parallax, changes in declina- 
tion, and apparent speed of the body along its diurnal circle. 

It is customary to keep the same orientation in south latitude, as shown in 
figure 1432e. In this illustration the latitude is 45°S, and the declination of the body 
is 15°N. Since Ps is the elevated pole, it is shown above the southern horizon, with 
both SPs and ZQ equal to the latitude, 45°. The body rises at position 1, on the 
opposite side of the prime vertical from the elevated pole; moves upward along its 
parallel of declination to position 2, on the upper branch of the celestial meridian, 
bearing north; and then downward along the “front” of the diagram to position 1, 
where it sets; remaining above the horizon for less than half the time because 
declination and latitude are of contrary name. The azimuth at rising is arc NA, the 
amplitude ZA, and the azimuth angle SA. The altitude circle at meridian transit is 
shown at hh’. 

A diagram on the plane of the celestial meridian can be used to demonstrate 
the effect of a change in latitude. As the latitude increases, the celestial equator 
becomes more nearly parallel to the horizon. The colatitude becomes smaller, 
increasing the number of circumpolar bodies and those which neither rise nor set, 
and also increasing the difference in the length of the days between summer and 
winter. At the poles (fig. 1416b), celestial bodies circle the sky, parallel to the 
horizon. At the equator (fig. 1416a) the 90° hour circle coincides with the horizon. 
Bodies rise and set vertically; and are above the horizon half the time. At rising 
and setting the amplitude is equal to the declination. At meridian transit the 
altitude is equal to the codeclination. As the latitude changes name, the same- 
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FiGuRE 1432e.—A diagram on the plane of the celestial 
meridian for lat. 45° S. 


contrary name relationship with declination reverses. This accounts for the fact 
that one hemisphere has winter while the other is having summer. 

The error arising from showing the hour circles and vertical circles as arcs of 
circles instead of ellipses increases with increased declination or altitude. More 
accurate results can be obtained by measurement of azimuth on the parallel of 
altitude instead of the horizon, and of hour angle on the parallel of declination 
instead of the celestial equator. Refer to figure 1432f. The vertical circle shown is 
for a body having an azimuth angle of S60°W. The arc of a circle is shown in black, 
and the ellipse in red. The black arc is obtained by measurement around the 
horizon, locating A’ by means of A, as previously described. The intersection of this 
arc with the altitude circle at 60° places the body at M. If a semicircle is drawn 
with the altitude circle as a diameter, and the azimuth angle measured around this, 
to B, a perpendicular to the hour circle locates the body at M’, on the ellipse. By 
this method the altitude circle, rather than the horizon, is, in effect, rotated 
through 90° for the measurement. This refinement is seldom used because actual 
values are usually found mathematically, the diagram on the plane of the meridian 
being used primarily to indicate relationships. 

With experience, one may mentally visualize the diagram on the plane of the 
celestial meridian without making an actual drawing. Devices with two sets of 
spherical coordinates, on either the orthographic (art. 319) or stereographic (art. 
318) projection, pivoted at the center, have been produced commercially to provide a 
mechanical diagram on the plane of the celestial meridian. However, since the 
diagram’s principal use is to illustrate certain relationships, such a device is not a 
necessary part of the navigator’s equipment. 

1433. The navigational triangle.—A triangle formed by arcs of great circles of a 
sphere is called a spherical triangle. A spherical triangle on the celestial sphere is _ 
called a celestial triangle. The spherical triangle of particular significance to navi- 
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Figure 1432f—Locating a point on an ellipse of a diagram on 
the plane of the celestial meridian. 


gators is called the navigational triangle. It is formed by arcs of a celestial meridi- 
an, an hour circle, and a vertical circle. Its vertices are the elevated pole, the 
zenith, and a point on the celestial sphere (usually a celestial body). The terrestrial 
counterpart is also called a navigational triangle, being formed by arcs of two 
meridians and the great circle connecting two places on the earth, one on each 
meridian. The vertices are the two places and a pole. In great-circle sailing these 
places are the point of departure and the destination. In celestial navigation they 
are the assumed position (AP) of the observer and the geographical position (GP) 
of the body (the place having the body in its zenith). The GP of the sun is 
sometimes called the subsolar point, that of the moon the sublunar point, that of a 
satellite (either natural or artificial) the subsatellite point, and that of a star its 
substellar or subastral point. When used to solve a celestial observation, either the 
celestial or terrestrial triangle may be called the astronomical triangle. 

The navigational triangle is shown in figure 1433a on a diagram on the plane of 
the celestial meridian, labeled as in article 1432, but with the hour circle and 
vertical circle properly shown as ellipses. The earth is at the center, O. The star is 
at M, dd’ is its parallel of declination, and Ah’ its altitude circle. 

In the figure, arc QZ of the celestial meridian is the latitude of the observer, 
and PnZ, one side of the triangle, is the colatitude. Arc AM of the vertical circle is 
the altitude of the body, and side ZM of the triangle is the zenith distance, or 
coaltitude. Arc LM of the hour circle is the declination of the body, and side PnM of 
the triangle is the polar distance, or codeclination. 

The angle at the elevated pole, ZPnM, having the hour circle and the celestial 
meridian as sides, is the meridian angle, t. The angle at the zenith, PnZM, having 
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Na 
Ficure 1433a.—The navigational triangle. 


the vertical circle and that arc of the celestial meridian which includes the elevated 
pole as sides, is the azimuth angle. The angle at the celestial body, ZMPn, having 
the hour circle and the vertical circle as sides, is the parallactie angle (X) (some- 
times called the position angle), which is not generally used by the navigator. 

A number of problems involving the navigational triangle are encountered by 
the navigator, either directly or indirectly. Of these, the most common are: 

1. Given latitude, declination, and meridian angle, to find altitude and azimuth 
angle. This is used in the reduction of a celestial observation, to establish a line of 
position (ch. XX). 

2. Given latitude, altitude, and azimuth angle, to find declination and meridian 
angle. This is used to identify an unknown celestial body (ch. XXII). 

3. Given meridian angle, declination, and altitude, to find azimuth angle. This 
may be used to find azimuth when the altitude is known (ch. XX). 

4. Given the latitude of two places on the earth and the difference of longitude 
between them, to find the initial great-circle course and the great-circle distance 
(ch. IX). This involves the same parts of the triangle as in 1, above, but in the 
terrestrial triangle, and hence defined differently. 

Both celestial and terrestrial navigational triangles are shown in perspective in 
figure 1433b. 


Problems 


1428. Given.—An observer is at longitude 77°E. The sun is 60° east of the 
meridian. GHA is 37°. 

Required.—(1) LHA of the sun. 

(2) GHA of the sun. 

(3) SHA of the sun. 

(4) Approximate time at the local meridian. 

Answers.—(1) LHA 300°, (2) 223°, (3) SHA 186°, (4) T 0800. 
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FicurE 1433b.—The navigational triangle in perspective. 


1430a. Required.—Convert Z to Zn in the following: 


(1) N174°E (4) S39°E 
(2) S1°E (5) N106°W 
(3) S90°W (6) N90°W 


Answers —(1) Zed 4s,,(2)+Zn A99:, -@) Zn, 210", (4) Zn lis; (5).Zn 2547, (6) Zn 


Path Vie 
1430b. Required.—Convert Zn to Z in the following, using the 180° system: 


Zn Lat. Zn Lat. 
(1) 214° N (4) 383° Ss 
(2) 163° S (5) 206° N 
(3) 007° N (6) 206° NS) 


Answers.—(1) Z N146°W, (2) Z S17°E, (3) Z N7°E, (4) Z S153°W, (5) Z N154°W, (6) 
Z S26°W. 
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1430c. Required.—Convert Zn to Z in the following, using the 90° system: 


(1) 051° (3) 251° 
(2) 151° (4) 351° 


Answers.—(1) Z N51°E, (2) Z $29°H, (3) Z S71°W, (4) Z NOW. 

Solve the following problems by diagrams on the plane of the celestial meridi- 
an: 

1432a. Given.—L 382°N, t 71°W, d 27°N. 

Required.—Altitude and azimuth. 

Answers.—h 28°, Zn 288°. 

1432b. Given.—L 17°S, t 64°E, d 28°S. 

Required.—Altitude and azimuth. 

Answers.—h 28°, Zn 115°. 

1432c. Given.—L 59°N, h 27°, Zn 052°. 

Required.—Declination and meridian angle. 

Answers.—d 41°N, t 111°E. 

1432d. Given.—L 31°N, declination of sun 18°S. 

Required.—(1) Azimuth at sunrise, (2) maximum altitude, (3) altitude when the 
azimuth is 234°, (4) azimuth angle when the altitude in the afternoon is 10°, (5) 
amplitude at sunset. 

Answers.—(1) Zn 111°, (2) h 41°, (8) h 18°, (4) Z N118°W, (5) A W21°S. 

1432e. Given.—The declination of the star Dubhe is approximately 62°N. When 
observed at lower transit, its altitude is 43°. 

Required.—(1) Latitude of the observer, (2) azimuth at upper transit. 

Answers.—(1) L 71°N, (2) Zn 180°. 

1432f. Required.—For an observer at latitude 39°N, find for the sun at summer 
and winter solstices, respectively: (1) LHA at sunrise, (2) LHA when on the prime 
vertical during the morning, (8) maximum altitude, (4) LHA at sunset, (5) length of 
daylight if the sun moves 15° per hour. 


Answers.— 
See ; 
sth Winter 
(1) LHA 248° 292° 
(2) LHA 804° 236° (below horizon) 
(3) h AS 28° 
(4) LHA ile? 68° 
(5) T 14556™ gho4m 


1432g. Given.—L 83°N, sun’s declination 4°S. 

Required.—(1) LHA at sunrise, (2) maximum altitude, (3) LHA at sunset, (4) 
length of daylight (sun moving 15° per hour). 

Answers.—(1) LHA 305°, (2) max h 38°, (8) LHA 55°, (4) T 7#20™. 
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‘CHAPTER XV 


INSTRUMENTS FOR CELESTIAL NAVIGATION 


1501. The marine sextant is a hand-held instrument for measuring the angle 
between the lines of sight to two points by bringing into coincidence at the eye of 
the observer the direct ray from one point, and a double-reflected ray from the 
other, the measured angle being twice the angle between the reflecting surfaces. Its 
principal use is to measure the altitudes of celestial bodies above the visible sea 
horizon. Sometimes it is turned on its side and used for measuring the difference in 
bearing of two terrestrial objects. Because of its great value for determining posi- 
tion at sea, the sextant has been a symbol of navigation for more than 200 years. 
The quality of his instrument, the care he gives it, and the skill with which he 
makes observations are to the navigator matters of professional pride. 

The name “sextant” is from the Latin sextans, “the sixth part.” The arc of 
early marine sextants is approximately the sixth part of a circle, but because of the 
optical principle involved (art. 1502), the instrument measures angles of 120°. Most 
modern instruments measure something more than this. 

1502. Optical principles.—When a ray of light is reflected from a plane surface, 
the angle of reflection is equal to the angle of incidence (fig. 1502a). From optics 
the angle between the first and final directions of a ray of light that has undergone 
double reflection in the same plane is twice the angle that the two reflecting 
surfaces make with each other (fig. 1502b). 
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Ficure 1502a.—Angle of reflection Ficure 1502b.—Optical principle of 
equals angle of incidence. the marine sextant. 


In figure 1502b, AB is a ray of light from a celestial body. The index mirror of 
the sextant is at B, the horizon glass at C, and the eye of the observer at D. 
Construction lines EF and CF are perpendicular to the index mirror and horizon 
glass, respectively, and lines BG and CG are parallel to these mirrors. Therefore, 
angles BFC and BGC are equal because their sides are mutually perpendicular (art. 


408 


INSTRUMENTS FOR CELESTIAL NAVIGATION 409 


127, vol. II). Angle BGC is the inclination of the two reflecting surfaces. The ray of 
light AB is reflected at mirror B, proceeds to mirror C, where it is again reflected, 
and then continues on to the eye of the observer at D. Since the angle of reflection 
is equal to the angle of incidence, 


ABE=EBC, and ABC=2EBC 
BCF=FCD, and BCD=2BCF. 


Since an exterior angle of a triangle equals the sum of the two nonadjacent interior 
angles (art. 128, vol. ID, 


ABC=BDC+BCD, and EBC=BFC+ BCF. 
Transposing, 
BDC=ABC—BCD, and BFC=EBC— BCF. 


Substituting 2 EBC for ABC, and 2 BCF for BCD in the first of these equations, 


BDC=2 EBC— 2 BCF, or BDC= 2 (EBC— BCP). 
Since 
BFC=EBC—BCF, and BFC=BGC, 
therefore 
BDC= 2 BEC= 2 BGC. 


That is, BDC, the angle between the first and last directions of the ray of light, is 
equal to 2BGC, twice the angle of inclination of the reflecting surfaces. Angle BDC 
is the altitude of the celestial body. 

If the two mirrors are parallel, the incident ray from any observed body must 
be parallel to the observer’s line of sight through the horizon glass; i.e., the altitude 
of the body is zero. Accordingly, the 0° graduation on the arc coincides with that 
position of the index arm when the index mirror is parallel to the horizon glass. 
Since the angle that these two reflecting surfaces make with each other is one-half 
the angle actually observed, the arc is so graduated that 10° of arc on the limb is 
labelled 20°, 20° of arc is labelled 40°, etc. 

1503. Micrometer drum sextant.—A modern marine sextant, called a microme- 
ter drum sextant, is shown in figure 1503a. In most marine sextants, the frame, A, 
is made of brass or aluminum. There are several variations of the design of the 
frame, nearly all conforming generally to that shown. The limb, B, is cut on its 
outer edge with teeth, each representing one degree of altitude. The altitude grad- 
uations, C, along the limb, are called the are. Some sextants have an arc marked in 
a strip of brass, silver, or platinum inlaid in the limb. 

The index arm, D, is a movable bar of the same material as the frame. It is 
pivoted about the center of curvature of the limb. The tangent screw, E, is mounted 
perpendicularly on the end of the index arm, where it engages the teeth of the 
limb. Because the index arm can be moved through the length of the arc by 
rotating the tangent screw, this is sometimes called an “endless tangent screw,” in 
contrast with the limited-range device on older instruments. The release, F, is a 
spring-actuated clamp which keeps the tangent screw engaged with the teeth of the 
limb. By applying pressure on the legs of the release, one can disengage the tangent 
screw. The index arm can then be moved rapidly along the limb. Mounted on the 
end of the tangent screw is a micrometer drum, G, which is graduated in minutes 
of altitude. One complete turn of the drum moves the index arm one degree of 
altitude along the arc. Adjacent to the micrometer drum and fixed on the index 
arm is a vernier, H, which aids in reading fractions of a minute. The vernier shown 
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Ficure 1503a.—U. S. Navy Mark 2 micrometer drum sextant. 


is graduated into ten parts, permitting readings to six seconds. Other sextants 
(generally of European manufacture) have verniers graduated into only five parts, 
permitting readings to 12 seconds. 

The index mirror, J, is a piece of silvered plate glass mounted on the index 
arm, perpendicular to the plane of the instrument, with the center of the reflecting 
surface directly over the pivot of the index arm. The horizon glass, J, is a piece of 
optical glass silvered on its half nearer the frame. It is mounted on the frame, 
perpendicular to the plane of the sextant. The index mirror and horizon glass are 
mounted so that their surfaces are parallel when the micrometer drum is set at 0°, 
if the instrument is in perfect adjustment. Shade glasses, K, of varying or variable 
darkness, are mounted on the frame of the sextant in front of the index mirror and 
horizon glass. They can be moved into the line of sight at will, to reduce the 
intensity of light reaching the eye of the observer. Some sextants have two sets of 
shade glasses, as shown in figure 1504. 

The telescope, L, screws into an adjustable collar in line with the horizon glass, 
and should then be parallel to the plane of the instrument. Most modern sextants 
are provided with only one telescope, but some are equipped with two or more. 
When only one telescope is provided, it is of the “erect image type,” either such as 
shown or one with a wider “object glass” (far end of telescope), which generally is 
shorter in length and gives a greater field of view. The second telescope, if provided, 
may be the “inverting type.” The inverting telescope, having one lens less than the 
erect type, absorbs less light, but at the expense of producing an inverted image. A 
small colored glass cap is sometimes provided, to be placed over the “eyepiece” - 
(near end of telescope) to reduce the glare. With this in place, shade glasses are 


INSTRUMENTS FOR CELESTIAL NAVIGATION 411 


generally not needed. A “peep sight’? may be provided. It is a clear tube which 
serves to direct the line of sight of the observer when no telescope is used. 

The telescope shown in figure 1503a is fitted with a “spiral focusing mecha- 
nism.” Other sextants substitute a “draw” for this mechanism. The draw is fitted 
inside the telescope tube without threads and is slid in or out as necessary to focus 
the instrument. The spiral focusing mechanism is easily adjusted each time the 
sextant is used, but on the draw type, the navigator should mark the draw to 
indicate the correct extension for his eyes. 

The handle, M, of most sextants is made of wood or plastic. Sextants are 
designed to be held in the right hand. Some are equipped with a small light on the 
index arm to assist in reading altitudes. The batteries for this light are fitted inside 
a recess in the sextant handle. 

Figure 1503b shows the U. S. Navy Mark 3 micrometer drum sextant from the 
handle side. This figure shows parts not clearly shown in figure 1503a, such as the 
legs and the tangent screw. This sextant, which is generally similar to sextants 
used in the merchant marine, is fitted with a four power telescope. A diopter scale 
is provided on the focusing mechanism of the telescope for adjustment to the 
individual user’s eye. The “anatomical” handle is designed for decreased arm fa- 
tigue and hand tremor. A light switch and batteries are conveniently located in the 
handle. Large coated optics are provided for more light transmission and improved 
field of view, resolution, and magnification. 

There are two basic designs commonly used for mounting and adjusting mirrors 
on marine sextants. On the U. S. Navy Mark 3 and other sextants, the mirror is 
mounted so that it can be moved against retaining or mounting springs within its 
frame. Only one perpendicular adjustment screw is required. On the U. S. Navy 
Mark 2 and other sextants the mirror is fixed within its frame. Two perpendicular 
adjustment screws are required. One screw must be loosened before the other screw 
bearing on the same surface is tightened. 

Figure 1503c shows a sextant with a silver arc inserted in the limb, a microme- 
ter drum graduated oppositely to the one in figure 1503a, a vernier graduated into 
six parts, a shorter telescope with a wider object glass than that in figure 15038a, a 
telescope draw substituted for a spiral focusing mechanism, and a light fitted on the 
index arm. 

1504. Vernier sextant.—Nearly all marine sextants of recent manufacture are 
of the type described in article 1503. At least two older-type sextants are still in use. 
These differ from the micrometer drum sextant principally in the manner in which 
the final reading is made. They are called vernier sextants. 

The clamp screw vernier sextant is the older of the two. In place of the modern 
“release,” a clamp screw is fitted on the underside of the index arm. To move the 
index arm, one loosens the clamp screw, releasing the arm. When the arm is placed 
at the appropriate altitude of the body being observed, the clamp screw is tightened. 
Fixed to the clamp screw and engaged with the index arm is a long tangent screw. 
When this screw is turned, the index arm moves slowly, permitting accurate set- 
ting. Movement of the index arm (by the tangent screw) is limited to the length of 
the screw (several degrees of arc). Before an altitude is measured, this screw should 
be set to the approximate mid-point of its range. The final reading is made on a 
vernier set in the index arm below the arc. A small microscope or magnifying glass 
fitted to the index arm is used in making the final reading. Figure 1504 shows a 
clamp screw vernier sextant. 
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Figure 1503b.—U. S. Navy Mark 3 micrometer drum sextant. 


The endless tangent screw vernier sextant is identical to the micrometer drum 
sextant, except that it has no drum, and the fine reading is made by a vernier along 
the arc, as with the clamp screw vernier sextant. The release is the same as on the 
micrometer drum sextant and teeth are cut into the underside of the limb which 
engage with the endless tangent screw. The vernier itself is explained in article 
1506. 

1505. Use of the sextant.—When the sun is observed, the sextant is held 
vertically in the right hand, and the line of sight is directed at the point on the 
horizon directly below the body. Suitable shade glasses are moved into the line of 
sight, and the index arm is moved outward from near the 0° point until the 
reflected image of the sun appears in the horizon glass, near the direct view of the 
horizon. The sextant is then tilted slightly to the right and left to check its 
perpendicularity. As the sextant is tilted, the image of the sun appears to move in 
an arc, and the observer may have to change slightly the direction in which he is 
facing, to prevent the image from moving out of the horizon glass. When the sun 
appears at the bottom of its apparent arc resulting from this Swinging the arc, or 
rocking the sextant, the sextant is vertical, and in the correct position for making 
the observation. If the sextant is tilted, too great an angle will be measured. When 
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Ficure 1504.—A clamp screw vernier sextant. 


the sextant is vertical, and the observer is facing directly toward the sun, its 
reflected image appears at the center of the horizon glass, half on the silvered part, 
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and half on the clear part. The index arm is then moved slowly until the sun 
appears to be resting exactly on the horizon, which is tangent to the lower limb. 
Occasionally, the sun image is brought below the horizon, and the upper limb 
observed. It is good practice to make several observations, moving the limb away 
from the horizon, alternately above and below it, between readings. Practice is 
needed to determine the appearance at tangency, which occurs at only one point, to 
avoid the common error of beginners of bringing the image down too far (too little 
for an upper-limb observation). Some navigators get more accurate observations by 
letting the body contact the horizon by its own apparent motion, bringing it slightly 
below the horizon if rising, and above if setting. At the instant the horizon is 
tangent to the disk, the time is noted. The sextant altitude is the uncorrected 
reading of the sextant. Figure 1505a illustrates the major steps in making an 
observation of the sun. At the left, the index arm has been moved a short distance 
from 0°. In the center, it has been clamped with the sun in the approximate 
position for a reading, and the sextant is being rocked. At the right, the sun is in 
the correct position for a reading. 


FicureE 1505a.—Left, view through telescope with index arm set near zero. Center, “swinging the arc”’ 
after the sun has been brought close to the horizon. Right, sun at the instant of tangency. 


When the moon is observed, the procedure is the same as for the sun, except 
that shade glasses are usually not required. The upper limb of the moon is observed 
more often than that of the sun, because of the phases of the moon. When the 
terminator (art. 1423) is nearly vertical, care should be exercised in selecting the 
limb that is illuminated, if an inaccurate reading is to be avoided. Sights of the 
moon are best made during daylight hours, or during that part of twilight in which 
the moon is least luminous. During the night, false horizons nearly always appear 
below the moon, due to illumination of the water by moonlight. 

When a star or planet is observed, three methods of making the initial approxi- 
mation of the altitude are in common use. In a common method, the index arm and 
micrometer drum are set on zero and the line of sight is directed at the body to be 
observed. Then, while keeping the reflected image of the body in the mirrored half 
of the horizon glass, the index arm is slowly swung out and the frame of the sextant 
is rotated down. The reflected image of the body is kept in the mirror until the 
horizon appears in the clear part of the horizon glass. 

When there is little contrast between brightness of the sky and the body, this 
procedure is difficult, for if the body is “lost” while it is being brought down, it may 
not be recovered without starting again at the beginning of the procedure. An 
alternative method frequently used consists of holding the sextant upside down in 
the left hand, directing the line of sight at the body, and slowly moving the index 
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arm out until the horizon appears in the horizon glass. This is illustrated in figure 
1505b. After contact is made, the sextant is inverted and the sight taken in the 
usual manner. 


HORIZON 


Figure 1505b.—Method of bringing horizon “up” to body. 


A third method consists of determining in advance the approximate altitude 
and azimuth of the body by a star finder such as No. 2102-D (art. 2210). The 
sextant is set at the indicated altitude, and the observer faces in the direction 
indicated by the azimuth. After a short search, during which the index arm is 
moved backward and forward a few degrees, and the azimuth in which the observer 
faces is changed a little to each side, the image of the body should appear in the 
horizon glass. The best method to use for any observation is that which produces 
the desired result with the least effort. It is largely a matter of personal preference. 

Measurement of the altitude of a star or planet differs from that of the sun or 
moon in that the center of a star or planet, rather than a limb, is brought into 
coincidence with the horizon. Figure 1505c shows the reflected image of a star as it 
should appear at the time of observation. Because of this difference, and the limited 
time usually available for observation during twilight, the method of letting a star 
or planet intersect the horizon by its own motion is little used. As with the sun and 
moon, however, the navigator should not forget to swing the arc to establish 
perpendicularity of the sextant. 

Occasionally, fog, haze, or other ships may obscure the horizon directly below a 
body which the navigator wishes to observe. If the arc of the sextant is sufficiently 
long, a back sight might be obtained, using the opposite point of the horizon as the 
reference. The observer faces away from the body and observes the supplement of 
the altitude. If the sun or moon is observed in this manner, what appears in the 
horizon glass to be the lower limb is in fact the upper limb. In the case of the sun, 
it is usually preferable to observe what appears to be the upper limb. The arc that 
appears when rocking the sextant for a back sight is inverted; that is, the highest 
point indicates the position of perpendicularity. 

If more than one telescope is furnished with the sextant, the erecting telescope 
is used to observe the sun. Generally, the inverting telescope will produce the best 
results for daylight observations, although some navigators prefer not to use any 
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Figure 1505c.—Correct position of planet or star at moment of observation. 


telescope, thus obtaining a wider field of view. The collar into which the sextant 
telescope fits may be adjusted in or out in relation to the frame. When moved in, 
more of the mirrored half of the horizon glass is visible to the navigator, and a star 
or planet is more easily observed when the sky is relatively bright. Near the darker 
limit of twilight, the telescope can be moved out, giving a broader view of the clear 
half of the glass, and making the less distinct horizon more easily discernible. If 
both eyes are kept open until the last moments of an observation, eye strain will be 
lessened. But in making the final measurement, the nonsighting eye should be 
closed to permit full ocular concentration. Practice will permit observations to be 
made quickly, reducing inaccuracy due to eye fatigue. If several observations are 
made in succession, with a short rest between them, the best results should be 
obtained. With experience, the observer should be able to “call his shots,” identify- 
ing the better ones. 

When an altitude is being measured, it is desirable to have an assistant note 
the time, so that simultaneous values of time and altitude will be available. He 
should be given a warning “‘stand-by” when the measurement is nearly completed, 
and a “mark” at the moment a reading is made. He should be instructed to read 
the three hands in order of their rapidity of motion; the second hand first, then the 
minute hand, and finally the hour hand. If it is sufficiently dark that a light is 
needed to make the reading, the assistant should read both the time, and then the 
altitude, behind the observer and facing away from him, to avoid impairment of the 
observer’s eye adaption to sky and horizon lighting conditions. 

If an assistant is not available to time the observations, the observer holds the 
watch in the palm of his left hand, leaving his fingers free to manipulate the 
tangent screw of the sextant. After making the observation, he quickly shifts his 
view to the watch, and notes the positions of the second, minute, and hour hands, 
respectively. The delay between completing the altitude observation and noting the 
time should not be more than one or two seconds. The average time should be 
determined by having someone measure it for several observations, or by counting 
the half seconds (learning to count with the half-second beats of a chronometer). 
This interval can then be subtracted from the observed time of each sight. 

1506. Reading the sextant.—The reading of a micrometer drum sextant is made 
in three steps. The degrees are read by noting the position of the arrow on the 
index arm in relation to the arc. The minutes are read by noting the position of the 
zero on the vernier with relation to the graduations on the micrometer drum. The 
fraction of a minute is read by noting which mark on the vernier most nearly 
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coincides with one of the graduations on the micrometer drum. This is similar to 
reading the time by means of the hour, minute, and second hands of a watch. In 
both, the relationship of one part of the reading to the others should be kept in 
mind. Thus, if the hour hand of a watch were about on ‘4,’ one would know that 
the time was about four o’clock. But if the minute hand were on “‘58,”’ one would 
know that the time was 0358 (or 1558), not 0458 (or 1658). Similarly, if the arc 
indicated a reading of about 40°, and 58’ on the micrometer drum were opposite 
zero on the vernier, one would know that the reading was 39°58’, not 40°58’. 
Similarly, any doubt as to the correct minute can be removed by noting the fraction 
of a minute from the position of the vernier. In figure 1506a the reading is 29°42'.5. 
The arrow on the index mark is between 29° and 30°, the zero on the vernier is 
between 42’ and 43’, and the “0/5” graduation on the vernier coincides with one of 
the graduations on the micrometer drum. 


Ficure 1506a.—Micrometer drum sextant set at 29°42°5. 


The principle of reading a vernier type sextant is the same, but the reading is 
made in two steps. Figure 1506b shows a typical altitude setting on this type 
sextant. Each degree on the arc of this sextant is graduated into three parts, 
permitting an initial reading by the reference mark on the index arm to the 
nearest full 20 minutes of arc. In this illustration the reference mark lies between 
29°40’ and 30°00’, indicating a reading between these values. The reading for the 
fraction of 20’ is made by means of the vernier, which is engraved on the index arm 
and has the small reference mark as its zero graduation. On this vernier, 40 
graduations coincide with 39 graduations on the arc. Each graduation on the 
vernier is equivalent to ¥%o of one graduation (20’) on the arc, or 0.5 (80”). In the 
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illustration, the vernier graduation representing 2% minutes (2’30”) most nearly 
coincides with one of the graduations on the arc. Therefore, the reading is 
29°42'30", or 29°42'5, as before. When a vernier of this type is used, any doubt as to 
which mark on the vernier coincides with a graduation on the are can usually be 
resolved by noting the position of the vernier mark on each side of the one that 
seems to be in coincidence. 
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Figure 1506b.—Vernier sextant set at 29°42’30”. 


Negative readings (as in determining index correction, art. 1603) are made in 
the same manner as positive readings, the various parts being added algebraically 
(art. 106, vol. II). Thus, if the three parts of a micrometer drum reading are (—)1°, 
56’ and 0/3, the total reading is (—)1°+56’+0/3=(—)3/7. 

1507. Developing observational skill—A well-constructed marine sextant is 
capable of measuring angles with an instrument error not exceeding 0/1. Lines of 
position from altitudes of this accuracy would not be in error by more than about 
200 yards. However, there are various sources of error, other than instrumental, in 
altitudes measured by sextant. One of the principal sources is the observer himself. 
There is probably no single part of his work that the navigator regards with the 
same degree of professional pride as his ability to make good celestial observations. 
Probably none of his other tasks requires the same degree of skill. 

The first fix a student navigator obtains by his observation of celestial bodies is 
likely to be disappointing. Most navigators require a great amount of practice to 
develop the skill needed to make good observations. But practice alone is not 
sufficient, for if a mistake is repeated many times, it will be difficult to eradicate. 
Karly in his career a navigator would do well to establish good observational 
technique—and continue to develop it during the remainder of his days as naviga- 
tor. Many good pointers can be obtained from experienced navigators, but it should 
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be remembered that each develops his own technique, and a practice that proves 
highly successful for one observer may not help another. Also, an experienced 
navigator is not necessarily a good observer, although he may consider himself 
such. Navigators have a natural tendency to judge the accuracy of their observa- 
tions by the size of the figure formed when the lines of position are plotted. 
Although this is some indication, it is an imperfect one, because it does not indicate 
the errors of individual observations, and may not reflect constant errors. Also, it is 
a compound of a number of errors, some of which are not subject to control by the 
navigator. 

When a student first begins to use the sextant, he can eliminate gross errors of 
principle in its use, and gain some ability in making observations, by accepting the 
coaching of an experienced navigator. By watching the novice make observations, 
the experienced navigator can observe a tendency to hold the instrument incorrect- 
ly, swing the arc improperly, or make other mistakes. When a celestial body is near 
the celestial meridian, the experienced navigator might make an observation and 
quickly transfer the sextant to the inexperienced one, who can see how the sight 
should appear. The two might make simultaneous observations and compare re- 
sults. At first it is well to select bodies of low altitude, if they are available. 

This procedure is helpful in detecting gross mistakes, but since the observations 
of the experienced navigator are not without error, this method is not suitable for 
final polishing of technique. For this purpose, observations should be compared with 
a more exact standard. Lines of position from celestial observations can be com- 
pared with good positions obtained by electronics or by piloting, if near a shore. 
Although this is good practice and provides a means of checking one’s skill from 
time to time, it does not provide the large number of comparisons in a short time 
needed if technique is to be perfected. 

This can sometimes be accomplished when a vessel is at anchor, or at a pier, if 
a stretch of open horizon is available. In advance, the altitude of a celestial body 
which will be over the open horizon at a time favorable for observation is computed 
at intervals of perhaps eight minutes (change in hour angle of 2°). If the body will 
be near the meridian, a smaller interval should be used. The altitude is determined 
for the position of the vessel, and all sextant altitude corrections (ch. XVI) are 
applied with reversed sign. These altitudes are then plotted versus time on cross- 
section paper, to a large scale, and a curve drawn through the points. At the 
selected time, a large number of observations are made at short intervals, allowing 
only enough time between observations for resting the eyes and arms. These obser- 
vations are then plotted on the cross-section paper and compared with the curve. 

An analysis of.the results should be instructive. Erratic results indicate poor 
observational conditions or the need for practice and more care in making observa- 
tions. If the measured altitudes are consistently too great, the sextant may not be 
rocked properly, the condition of tangency of the lower limb of the sun or moon 
may not be judged accurately, a false horizon in the water may have been used, 
subnormal refraction (dip) might be present, the eye might be higher above water 
than estimated, time might be in error, the index correction may have been deter- 
mined incorrectly, the sextant might be out of adjustment, an error may have been 
made in the computation, the horizontal (vertical) may be tilted slightly by nearby 
mountains, etc. If the measured altitudes are consistently too low, the condition of 
tangency of the upper limb of the sun or moon may not be judged accurately, a low 
cloud may have been used as the horizon, abnormal refraction (dip) might be 
present, height of eye might be lower than estimated, time might be in error, the 
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index error may have been determined incorrectly, the sextant might be out of 
adjustment, an error may have been made in the computation, the waves or swell 
at the horizon might be higher than at the ship, the horizontal (vertical) may be 
tilted slightly, a planet or bright star may have been placed “tangent” to the 
horizon rather than centered on the horizon, etc. 

A single test of this type, while instructive, may not be conclusive. Several tests 
should be made with different celestial bodies, at various altitudes, under various 
conditions of weather and sea, and at different places. Generally, it is possible and 
desirable to correct any errors being made in the technique of observation, but 
occasionally a personal error (sometimes called personal equation) will persist. 
This might be different for the sun and moon than for planets and stars, and might 
vary with degree of fatigue of the observer, and other factors. For this reason, a 
personal error should be applied with caution. However, if a relatively constant 
personal error persists, and experience indicates that observations are improved by 
applying a correction to remove its effect, better results might be obtained by this 
procedure than by attempting to eliminate it from one’s observations. 

When lines of position of great reliability are desired, even an experienced 
navigator can usually improve his results by averaging to reduce random error. A 
number of observations, preferably not less than ten, are made in quick succession. 
These can then be plotted versus time, on cross-section paper, and a curve faired 
through the points. Unless the body is near the celestial meridian, this curve should 
be very nearly a straight line. Any point on the curve can be used as the observa- 
tion, using the time and altitude indicated by the point. It is best to use a point 
near the middle of the line, to avoid possible errors in its slope. 

The slope can be determined by means of Pub. No. 214, using At, which is the 
change of altitude relative to change in meridian angle (time). Meridian angle 
changes at the rate of 1’ in 4°. Therefore, the change in altitude, in minutes of arc 
per second of time, is equal to At (expressed as minutes of arc) divided by 4°, or 
At’ 0/66 
ie Thus, if At is 0.66, the altitude changes p 
15’x0°66=9/9 per minute of time, increasing if the body is rising, and decreasing if 
it is setting. This rate may be altered by motion of the ship, the amount being the 
distance traveled in one minute, multiplied by the natural cosine of the relative 
azimuth of the body. Thus, if the speed is 15 knots, the ship moves 0.25 mile per 
minute. If the body is 30° on the bow, the altitude changes 0.25 0.86603=0/2 per 
minute due to motion of the ship, in addition to its own apparent motion due to 
rotation of the earth. If the body is forward of the beam, the effect of the ship’s 
motion is to increase the altitude; if abaft the beam, to decrease it. The total effect 
is the algebraic sum of the separate effects due to rotation of the earth and motion 
of the vessel, since rate at the vessel is desired. Rapid change of At indicates a 
curved rate line. If a large number of observations is made, the slope of the line 
should be apparent from the plotted points. 

A somewhat simpler variation is generally available if observations are made 
at equal intervals, unless the body is near the meridian. It is based upon the 
assumption that the change in altitude should be equal for equal intervals of time. 
A number of observations might be made by having an assistant give a warning 
“stand-by” and then a “mark” at equal intervals of time, as every ten or 20 seconds. 
Perhaps a better procedure is to make the observations at equal altitude incre- 
ments. After the first observation, the altitude is changed by a set amount accord- - 


=0/165 per second, or 
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ing to its rate of change, as 5’. The setting is increased if the body is rising, and 
decreased if it is setting. The body is then permitted to cross the horizon by its own 
motion, and at the instant of doing so, the time is noted. If time intervals are 
constant, the mid time and the average altitude are used as the observation. If 
altitude increments are constant, the average time and mid altitude are used. An 
uneven number of observations simplifies the finding of the mid value, but with ten 
observations the finding of the average value is easier. 

If only a small number of observations is available, as three, it is usually 
preferable to solve all observations and plot the resulting lines of position, adjusting 
them to a common time. The average position of the line might be used, but it is 
generally better practice to use the middle line (or a line midway between the two 
middle ones if there are an even number). 

In this discussion of averaging, it has been assumed that all observations are 
considered of nearly equal value. Any observation considered unreliable, either in 
the judgment of the observer or as a result of a plot, should be rejected in finding 
an average. 

1508. Care of the sextant.—The modern marine sextant is a well-built, preci- 
sion instrument capable of rendering many years of reliable service, with minimum 
attention. However, its usefulness can easily be impaired by careless handling or 
neglect. If it is ever dropped, it may never again provide reliable information. If 
this occurs, the instrument should be taken to an expert for careful testing and 
inspection. 

When not in use, a sextant should invariably be kept in its case and properly 
stowed. The sextant case should be a well-constructed hardwood box fitted on its 
exterior with a lock, a handle, and two hooks, preferably the type having safety 
catches. The interior of the case should be fitted with blocks in which the handle or 
legs, or both, are placed when the sextant is stowed. Some sextant cases are fitted 
with catches which clamp over the handle when the sextant is stowed, and some 
are fitted with felt-lined blocks on the inside of the cover, to clamp down on the 
extreme ends of the arc when the case is closed. The case should be so constructed 
that it can be closed with the shade glasses and index arm in nearly any normal 
position, and preferably with the telescope in ‘place. The last is particularly valua- 
ble to the navigator on an overcast day when only one opportunity to observe the 
sun may present itself, and the sight may have to be taken quickly. A case such as 
the plastic case (fig. 1508) for the U. S. Navy Mark 3 sextant is an adequate 
alternative. In this case, the sextant is stowed snugly within a polyurethane cush- 
ion. A keeper prevents movement of the sextant. However, the index arm must be 
placed at 20° before the sextant can be placed in the recesses of the cushion. 

The case itself should be securely stowed in a convenient place away from 
excessive heat, dampness, and vibration. A shelf with built-up sides into which the 
case fits snugly is a good stowage place. The practice of leaving the sextant in its 
case on a chart room settee is a bad one, and the instrument should never be left 
unattended on the chart table. 

To remove the sextant from its case, grasp the frame firmly with the left hand, 
making sure that no pressure is applied to the index arm, and lift the instrument 
from the box. Then take the sextant in the right hand, by its handle, leaving the 
left hand free to make any adjustments necessary before taking a sight. The 
instrument should never be held by its limb, index arm, or telescope. 

Next to careless handling, the greatest enemy of the sextant is moisture. The 
mirrors, especially, and the arc should be wiped dry after each use. A new sheet of 
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Figure 1508.—Case for Mark 3 sextant showing sextant stowed in polyurethane cushion. 


plain lens paper is best to use for this purpose, and linen second best. Over a period 
of time, however, linen collects dust, which may contain abrasives that will scratch 
the surface of the mirrors. For this reason, linen, if it is used, should be kept in a 
small bag to protect it from dust in the air. Chamois leather and silk are particular- 
ly likely to collect abrasive dusts from the air and they should not be used to clean 
the mirrors or telescope lenses. Should the mirrors become particularly dirty, they 
can be cleaned with a small amount of alcohol, applied with a clean piece of lens 
paper. The arc can be cleaned, when necessary, with ammonia, but never with a 
polishing compound. In cleaning or drying the mirrors and arc, care should be 
taken that excessive pressure is not applied to any part of the instrument. 


INSTRUMENTS FOR CELESTIAL NAVIGATION 423 


A small bag of silica gel kept in the sextant case will help in keeping the air in 
the case free from moisture, and will help to preserve the mirrors. Occasionally, the 
silica gel should be heated in an oven to remove the absorbed moisture. 

It may be necessary to wash the sextant with fresh water if it is subjected to 
sea spray. After washing, the sextant should be wiped gently, using a soft cotton 
cloth. Then, the optics should be gently polished using lens paper. 

Glass optics do not transmit the whole of the light received. This is due to the 
tendency of air-to-glass surfaces to reflect a portion of the light received with 
resultant decrease in the light transmitted. This loss of light reduces the brightness 
of the image of the object viewed through such a glass optic. If the object is viewed 
through several glass optics, as is the case with the sextant telescope assembly, then 
the brightness of the image seen will be seriously affected and the image will be 
indistinct. The reflection also causes a glare which obscures the image of the object 
being viewed. 

To reduce to a minimum the effect of this reflection from air-to-glass surfaces, 
and thus, to improve light transmission, the glass optics are treated with an anti- 
reflection coating. The coatings are extremely thin and can be easily damaged. 
Therefore, only light pressure should be applied when polishing the coated optics 
with lens paper. It is good practice to blow loose dust off the lens before attempting 
to clean. This will insure that there will be no grit under the lens paper. 

The tangent screw and the teeth on the side of the limb should be kept clean 
and lightly oiled, using the oil provided with the sextant. It is good practice to set 
occasionally the index arm of an endless tangent screw at one extremity of the limb 
and then to rotate the tangent screw over the length of the arc. This will clean the 
teeth and spread the oil through them. At any time that the sextant is to be stowed 
for a long period, the arc should be protected with a thin coat of petroleum jelly. 

If the mirrors need resilvering, they are best taken to an instrument shop 
where a professional job can be done. However, on rare occasions, it may be 
necessary to resilver the mirrors of a sextant at sea. In anticipation of this possibili- 
ty, the navigator should obtain the necessary materials in advance, as makeshift 
substitutes cannot be relied upon to do the job adequately. The required materials 
are xylene (available in most pharmacies), dilute nitric acid (optional), alcohol, 
cotton, tin foil about 0.005 inch thick, a small amount of mercury, a clean blotter, 
and some tissue paper. Do not substitute aluminum foil commonly used in packag- 
ing candy and cigarettes. 

First, remove the protective coating with alcohol (or better, acetone) from the 
back of the mirror to be resilvered, and clean the glass with xylene or acid. If the 
old silvering is difficult to remove, soak it in water. Place the blotter on a flat 
surface and turn up and seal the edges to form a tray. This will serve to contain the 
mercury if the vessel should roll during the operation. Using cotton, clean and 
smooth out both sides of a piece of tin foil slightly larger than the glass to be 
silvered, first with alcohol and then with xylene (do not use acid). Make certain 
that no lint adheres to the foil, and place it.on the blotter. Clean the mercury by 
squeezing it through cheese cloth, and apply a drop to the foil. Carefully spread it 
over the surface with a finger, making sure that none of the mercury gets under 
the foil. Add a few more drops of mercury until the entire surface of the foil is 
covered and tacky. The mercury combines with some of the tin to form an amal- 
gam. Place the chemically cleaned glass on a piece of clean tissue paper with the 
side to be silvered face down. Then place the glass and the paper on the amalgam. 
Apply slight pressure to the glass and withdraw the tissue paper. Following this, 
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grasp the edge of the tin foil and lift it and the mirror from the blotter. Invert the 
glass and the tin foil and place in an inclined position, silvered side up. Any 
mercury remaining on the blotter is no longer pure and should be disposed of. Five 
or six hours later any loose foil may be scraped from the sides of the mirror, and 
the following day a coat of commercial varnish or lacquer should be applied to the 
silvered surface. Should the mirrored half of the horizon glass require silvering, the 
clear half may be protected by a strip of cellulose or adhesive tape. 

1509. Sextant adjustments.—There are at least seven sources of error in the 
marine sextant, three nonadjustable by the navigator, and four adjustable. 

The nonadjustable errors are: “prismatic error,” “graduation error,” and “cen- 
tering error.” 

The prismatic error is present if the two faces of the shade glasses and mirrors 
are not parallel. Error due to lack of parallelism in the shade glasses may be called 
shade error. Shade error in the shade glasses near the index mirror can be deter- 
mined by comparison of an angle measured when a shade glass is in the line of 
sight with the same angle measured when the glass is not in the line of sight. In 
this manner, the error for each shade glass can be determined and recorded. If 
shade glasses are used in combination, their combined error should be determined 
separately. If additional shading is needed for the observations, use the colored 
telescope eyepiece cover. This does not introduce an error because direct and 
reflected rays are traveling together when they reach it, and are therefore affected 
equally by any lack of parallelism of its two sides. 

Lack of parallelism of the two faces of the index mirror can be detected by 
carefully measuring a series of angles; then removing the index mirror, inverting it, 
and replacing it; and then measuring the same angles again. Half the difference is 
the prismatic error. After the index mirror has been inverted, it should be checked 
carefully for perpendicularity to the frame of the sextant, as explained below. 

Lack of parallelism of the two faces of the horizon glass will appear as part of 
the index error, and so need not have separate attention. The same is true of 
prismatic error in the shade glasses located near the horizon glass, but unless index 
error is determined with the shade glasses in place, the measured index error will 
not be the correct value for the combined error. 

Graduation errors occur in the arc, micrometer drum, and vernier of a sextant 
which is improperly cut or incorrectly calibrated. Normally, the navigator cannot 
determine whether the arc of a sextant is improperly cut, but the principle of the 
vernier makes it possible to determine the existence of graduation errors in the 
micrometer drum or vernier and is a useful guide in detecting a poorly made 
instrument. The first and last markings on any vernier should align perfectly with 
one less graduation on the adjacent micrometer drum. In figure 1503a, the vernier 
is graduated in ten units. When the zero point is aligned with any graduation on 
the micrometer drum, the “ten” graduation should be in perfect alignment with a 
micrometer graduation nine units greater than the one in line with zero on the 
vernier. In figure 1503c, the vernier is graduated in six units and should align 
perfectly with any two graduations five units apart on the micrometer. 

Centering error results if the index arm is not pivoted at the exact center of 
curvature of the arc. It can be determined by measuring known angles, after the 
adjustable errors have been removed. Horizontal angles can be used by determining 
the accurate value by careful measurement with a theodolite. Several readings by 
both theodolite and sextant should minimize errors. An alternative method is to 
measure angles between the lines of sight to stars, comparing the measured angles 
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with computed values. To minimize refraction errors, one should select stars at 
about the same altitude, and avoid stars near the horizon. 

The same shade glasses, if any, used for determining or eliminating index error 
should be used for measuring centering error. The errors determined in this 
manner include any error due to faulty graduation, and prismatic error of the 
index mirror, unless corrections are applied for these errors. However, since all 
vary with the angle measured, they need not be separated. Usually, it is preferable 
to make a single correction table for all three errors, called instrument error. 
Customarily, such a table is determined by the manufacturer and attached to the 
inside cover of the sextant case. The sign of the error is reversed, so that the values 
given are for instrument correction (D. 

The adjustable errors in the sextant are those related to perpendicularity of (1) 
the frame and the index mirror, and (2) the frame and the horizon glass, and 
parallelism of (3) the index mirror and horizon glass to each other at zero setting, 
and of (4) the telescope to the frame. Each of these errors, if it exists, can be 
removed from the sextant by careful adjustment. In making these adjustments, 
never tighten one adjusting screw without first loosening the other screw which bears 
on the same surface. The adjustments should be made in the order indicated. 

The first adjustment is for perpendicularity of the index mirror to the frame of 
the sextant. To test for perpendicularity, place the index arm at about 35° on the 
arc, and hold the sextant on its side, with the index mirror “up” and toward the 
eye. Observe the direct and reflected views of the sextant arc, as illustrated in 
figure 1509a. If the two views do not appear to be joined in a straight line, the index 
mirror is not perpendicular. If the reflected image is above the direct view, the 
mirror is inclined forward. If the reflected image is below the direct view, the 
mirror is inclined backward. An alternative and sometimes more satisfactory 
method of determining perpendicularity involves the use of two small vanes, or 
similar objects, of exactly the same height. Figure 1509b illustrates this method. 
Again the index arm is set at about 35°. The vanes are placed upright on the 
extremities of the limb, in such a way that the observer can, by placing his eye near 
the index mirror, see the direct view of one vane and the reflected image of the 
other. The tops of the objects are then observed for alignment. The use of vanes 
permits observation in the plane of adjustment, rather than at an angle. Adjust- 
ment is made by means of two screws at the back of the index mirror. 

The second adjustment is for perpendicularity of the horizon glass to the frame 
of the sextant. An error resulting from the horizon glass not being perpendicular is 
called side error. To test for perpendicularity, set the index arm at zero and direct 
the line of sight at a star. Then rotate the tangent screw back and forth so that the 
reflected image passes alternately above and below the direct view. If, in changing 
from one position to the other, the reflected image passes directly over the star as 
seen without reflection, no side error exists, but if it passes to one side, the horizon 
glass is not perpendicular to the frame of the sextant. Figure 1509c illustrates 
observations without side error (left) and with side error (right). Whether the 
sextant reads zero when the true and reflected images are in coincidence is immate- 
rial in this test. An alternative method is to observe a vertical line, such as one 
edge of the mast of another vessel (or the sextant can be held on its side and the 
horizon used). If the direct and reflected portions do not form a continuous line, the 
horizon glass is not perpendicular to the frame of the sextant. A third method is to 
hold the sextant vertical, as in observing the altitude of a celestial body, and bring 
the reflected image of the horizon into coincidence with the direct view, so that it 
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MIRROR LEANING FORWARD 


Ficure 1509a.—Testing the perpendicularity of the index mirror. Here the mirror is not 
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Figure 1509b.—Alternative method of testing the perpendicularity of the index mirror. Here the mirror 
is perpendicular. 


appears as a continuous line across the horizon glass. Then tilt the sextant right or 
left. If the horizon still appears continuous, the horizon glass is perpendicular to the 
frame, but if the reflected portion appears above or below that part seen direct, the 
glass is not perpendicular. Adjustment is made by means of two screws at the back 
of the horizon glass. 

The third adjustment is to make the index mirror and horizon glass parallel 
when the index arm is set exactly at zero. The error which results when the two 
are not parallel is the principal cause of index error, the total error remaining 
after the four adjustments have been made. Index error should be determined each 
time the sextant is used and need not be removed if its value is known accurately. 
To make the test for parallelism of the mirrors, set the instrument at zero, and 
direct the line of sight at the horizon or a star. Side error having been eliminated, 
the direct view and reflected image of the horizon appear as a continuous line, or 
the star as a single point, if the two mirrors are parallel. If the mirrors are not 
parallel, the horizon appears broken at the edge of the mirrored part of the horizon > 
glass, one part being higher than the other. The reflected image of a star appears 
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Ficure 1509c.—Testing the perpendicularity of the horizon 
awe Left, side error does not exist. Right, side error does 
exist. 


above or below the star seen without reflection. If the star appears as a single point, 
move the tangent screw a small amount to be sure both direct view and reflected 
image are in the range of vision. The sun can be used by noting the reading when 
the reflected image is tangent to the sun as seen direct, first above it and then 
below. These should be numerically equal but of opposite sign (one positive and the 
other negative). To avoid variations in refraction, do not use low altitudes; or turn 
the sextant on its side and use the two sides of the sun. Adjustment is made by two 
screws at the back of the horizon glass. If the error is not to be removed, turn the 
tangent screw until direct view and reflected image of the horizon or a star are in 
coincidence. The reading of the sextant is the index error. It is positive if the 
reading is “on the arc” (positive angle), and negative if “off the arc’ (negative 
angle). In the case of the sun it is half the numerical difference (algebraic sum) of 
the readings, positive or negative to agree with the larger reading. Index correction 
(IC) is numerically the same as index error, but of opposite sign. Since both the 
second and third adjustments involve the position of the horizon glass, it is good 
practice to recheck for side error after index error has been eliminated. Index error 
should always be checked after adjustment for side error. 

The fourth adjustment is to make the telescope parallel to the frame of the 
sextant. If the line of sight through the telescope is not parallel to the plane of the 
instrument, an error of collimation will result, and altitudes will be measured as 
greater than their actual values. To check for parallelism of the telescope, insert it 
in its collar, and observe two stars 90° or more apart, bringing the reflected image 
of one into coincidence with the direct view of the other, near either the right or 
left edge of the field of view (the upper or lower edge if the sextant is horizontal). 
Then tilt the sextant so that the stars appear near the opposite edge. If they remain 
in coincidence, the telescope is parallel to the frame, but if they separate, it is not. 
An alternative method is to place the telescope in its collar and then lay the 
sextant on a flat table. Sight along the frame of the sextant and have an assistant 
place a mark on the opposite bulkhead, in line with the frame. Place another mark 
above the first at a distance equal to the distance from the center of the telescope to 
the frame. This second line should be in the center of the field of view of the 
telescope if the telescope is parallel to the frame. Adjustment for nonparallelism is 
made to the collar, by means of the two screws provided for this purpose. 

Determination of any of the errors should be based upon a series of observa- 
tions, rather than a single one. This is particularly true in the case of index error, 
which should be determined by approaching coincidence from opposite directions 
(up and down) on alternate readings. If adjustments are made carefully, and the 
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sextant is given proper handling, it should remain in adjustment over a long period 
of time. Unless the navigator has reason to question the accuracy of the adjust- 
ments, they need not be checked at intervals of less than several months, except in 
the case of index error, which has the greatest effect on accuracy of readings, and 
should be checked each time the sextant is used. If the horizon is used for determin- 
ing index error, this check should be made before evening twilight observations, and 
after morning twilight observations, while the horizon is sharp and distinct. If a 
star is used, the index error should be determined after evening observations and 
before morning sights are taken. During the day, it should be checked both before 
and after observations. 

Frequent manipulation of the adjusting screws should be avoided, as it may 
cause excessive wear. Except in the case of index error, slight lack of adjustment 
has little effect on the results, and should be ignored. If adjustments are needed at 
frequent intervals, the sextant is not receiving proper care, or has worn parts which 
should be replaced at a navigation instrument shop. If index error is not constant, 
it should not be removed, but index correction should be determined before or after 
every observation and applied to the readings, until the sextant can be repaired. A 
small variable error might well be accepted, but should be watched to see that it 
does not become unduly large. 

1510. Selection of a sextant.—For satisfactory results a sextant should be 
selected carefully. For accurate work the radius of the arc should be about 6% 
inches or more. The instrument should be light, but strongly built. The various 
moving parts should fit snugly, but move freely without binding or gritting. If the 
index arm is either too loose or too tight at either end of the arc, the pivot may not 
be perpendicular to the frame of the sextant. The telescope should be easy to insert 
or remove from its holder, and to focus. 

The use to be made of a sextant should be considered in its selection. For 
ordinary use in measuring altitudes of celestial bodies, an arc of 90° or slightly 
more is sufficient. A longer arc is desirable if back sights are to be made, or if 
horizontal angles are to be measured. If use of the sextant is to be limited to 
horizontal angles, less accuracy is required. The arc can be of smaller radius, and 
small nonadjustable errors are unimportant. 

If practicable, a sextant should be examined by an expert, and tested for 
nonadjustable errors before acceptance. 

1511. Octants, quintants, and quadrants.—Originally, the term ‘sextant’? was 
applied to the navigator’s double-reflecting, altitude-measuring instrument only if 
its arc was 60° in length—a sixth of a circle—permitting measurement of angles 
from 0° to 120°. In modern usage the term is applied to all navigational altitude- 
measuring instruments, regardless of angular range or principles of operation, 
although some are octants (angular range 90°), some quintants (144°), some quad- 
rants (180°), and many have an intermediate range. 

1512. The artificial horizon.—Measurement of altitude requires a horizontal 
reference. In the case of the marine sextant this is commonly provided by the 
visible sea horizon. If this is not clearly visible, reliable altitudes cannot be meas- 
ured unless a different horizontal reference is available. Such a reference is com- 
monly called an artificial horizon. If it is attached to, or part of, the sextant, 
altitudes can be measured at sea, on land, or in the air, whenever celestial bodies 
are available for observations. On land, where the visible horizon is not a reliable ; 
indication of the horizontal, an external artificial horizon can be devised. 
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Any horizontal reflecting surface will serve the purpose. A pan of mercury, 
heavy oil, molasses, or other viscous liquid sheltered from the wind is perhaps 
simplest. A piece of plate glass fitting snugly across the top of the container is 
usually the best shelter. If there is any reasonable doubt as to the parallelism of the 
two sides of the glass, two readings should be made with the glass turned 180° in 
azimuth between readings, and the average value taken. The pan and liquid should 
be clean, as foreign material on the surface of the liquid is likely to distort the 
image and introduce an error in the reading. 

To use an external artificial horizon, the observer stands or sits in such a 
position that the celestial body to be observed is reflected in the liquid, and is also 
visible by direct view. By means of the sextant, the double-reflected image is 
brought into coincidence with the image appearing in the liquid. In the case of the 
sun or moon the bottom of the double-reflected image is brought into coincidence 
with the top of the image in the liquid, if a lower-limb observation is desired. For an 
upper-limb observation, the opposite sides are brought into coincidence. If one 
image is made to cover the other, the observation is of the center of the body. 

When the observation has been made, apply the index correction and any other 
instrumental correction, as well as any correction for personal error. Then take 
half the remaining angle and apply all other corrections except dip (height of eye) 
correction, since this is not applicable. If the center of the sun or moon is observed, 
omit, also, the correction for semidiameter. Chapter XVI explains the various 
corrections and their applications. 

A commercial artificial horizon consisting of a metal tray, mercury, cover of 
two sloping glass slides held in a metal frame, metal bottle to hold the mercury 
when not in use, and a funnel for pouring, was at one time a familiar part of a 
navigator’s equipment, but the modern navigator might experience difficulty in 
locating such a device. 

1513. Artificial-horizon sextants.—Shortly after the marine sextant was invent- 
ed (art. 124), an attempt was made to extend its use to periods of darkness. This was 
done by providing a spirit level attachment. The observer brought the double- 
reflected image of the celestial body being observed into coincidence with the bubble 
of the spirit level. Such devices have been made available from time to time, and 
are still being manufactured. However, they have never come into general use, and 
are of questionable value. 

Charles A. Lindbergh’s historic solo flight across the North Atlantic in 1927 
demonstrated the practicability of long over-water flights. The development of a 
suitable instrument for observing altitudes of celestial bodies during darkness and 
when the horizon was obscured by clouds or haze became a virtual requirement. 
Various forms of artificial horizon have been used, including a bubble, gyroscope, 
and pendulum. Of these, the bubble has been most widely used. Figure 1513a 
illustrates a modern periscopic sextant permitting observation with only a small 
tube protruding through the top of the aircraft. Figure 15138b shows the optical 
principle of a different type aircraft sextant. 

With an artificial horizon of the bubble or pendulum type, considerable skill is 
needed to make an observation. The image of the horizontal reference (a circle or 
horizontal line) and the celestial body both appear in the field of view, and both 
may seem unsteady. An observation is made by matching the two near the center of 
the field of view. The appearance at coincidence depends upon the instrument. 
Some bubbles appear dark and are placed on a level with the body. Others have a 
clear center and are placed over the body. One pendulum type has a horizontal line 
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FicurE 15138a.—Aircraft periscopic sextant. 


that is customarily placed directly across the body, although a limb observation can 
be made if desired. Bubbles can be regulated in size, and the instructions provided 
with the instrument should be followed. In general, the bubble diameter should be 
about one-sixth to one-fourth the size of the field of view. This is about three to four 
times the size of the sun or full moon as seen through the eyepiece. A very small 
bubble should be avoided because it tends to lag sextant movements so much that it 
is unreliable as a horizontal reference. 

A considerable amount of practice is needed to develop skill in making reliable 
observations with an artificial-horizon sextant, even on land or other steady plat- 
form. At sea or in the air the motions of the craft greatly increase the difficulty of 
observation. In addition to compounding the difficulty of making coincidence, the 
craft motion introduces a sometimes large and rapidly varying acceleration error. 
That is, motions of the craft produce an acceleration on the pendulum or the liquid 
of the bubble chamber, causing a false indication of the horizontal. In smooth air 
the accelerations tend to follow a cycle of about one to two minutes in length. They 
are largely eliminated by use of an averaging device. In making an observation, the 
observer attempts to maintain coincidence continuously over a period, usually two 
minutes. The average altitude, generally indicated on a dial or drum, is used with 
the mid time of observation. Thus, perhaps 60 individual observations, or a continu- 
ously integrated altitude, are available to smooth out errors of individual observa- 
tions. 
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FiGurE 1513b.—Optical principle of a typical 
bubble sextant. 


On land or other steady platform a skillful observer using a 2-minute averaging 
bubble or pendulum sextant can measure altitudes to an accuracy of perhaps 2’ (2 
miles). This, of course, refers to the accuracy of measurement only, and does not 
include additional errors such as abnormal refraction, deflection of the vertical, 
computational and plotting errors, etc. In steady flight through smooth air the 
error of a 2-minute observation is increased to perhaps 5 to 10 miles. At sea, 
conditions are different. In a glassy sea with virtually no roll or pitch, results 
should approach those on land. However, with even a slight, gentle roll the accel- 
erations to which a vessel is subjected are quite complex, as indicated by the 
difficulty one not accustomed to the sea has in getting his “sea legs” during the 
early part of a voyage. If the vessel is yawing, a large Coriolis error (art. 815, vol. II) 
may be introduced. Under these conditions observational errors of 10-15 miles are 
not unreasonable. With a moderate sea, errors of 30 miles or more are common. In 
a heavy sea, any useful observations are virtually impossible to obtain. Single 
altitude observations in a moderate sea can be in error by a matter of degrees. 

Because of the difficulty of observing, and the large acceleration errors encoun- 
tered aboard a vessel, bubble and pendulum type sextants have very limited use at 
sea. A submarine on war patrol, surfacing only during darkness, may have use for 
such an instrument. A large number of observations on a reasonably calm night 
can produce results of some value. However, even under these conditions some 
navigators report better results with a marine sextant and dark-adapted eyes. In 
pack ice a ship generally provides a reasonably steady platform. When the horizon 
is obscured by ice or haze, polar navigators can sometimes obtain better results 
with an artificial-horizon sextant than with a marine sextant. Some artificial- 
horizon sextants have provision for making observations with the natural horizon 
as a reference, but since this is a secondary usage, results are not generally as 
satisfactory as by marine sextant. Because of their more complicated optical sys- 
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tems, and the need for providing a horizontal reference, artificial-horizon sextants 
are generally much more costly to manufacture than marine sextants. Designed for 
use in the air, they serve a useful purpose there, but for ordinary use aboard ship 
they have little to recommend them. 

Altitudes observed by artificial-horizon sextant are subject to the same errors 
as those observed by marine sextant, except that dip (height of eye) correction does 
not apply. Also, when the center of the sun or moon is observed, no correction for 
semidiameter should be made. Chapter XVI explains the various sextant altitude 
corrections and their applications. 

Adjustment of an artificial-horizon sextant should not be attempted by other 
than an instrument man qualified to handle the particular type instrument in- 
volved. An exception is the adjustment of the size of the bubble. Also, with some 
instruments an easily movable index permits elimination or reduction of index 
error. This error can best be determined in an instrument shop equipped with a 
collimator. If one is not available, the error can be determined by comparing the 
average of a number of observations made at a known point on land with the 
computed values. A precomputed curve of altitude versus time is useful for this 
purpose. Altitude corrections equal to the errors but with reversed sign should be 
applied to computed altitudes. With normal usage, the index error should not 
change. In most artificial-horizon sextants there is no index error. 

The care and operation of various types of instruments vary considerably. The 
instruction booklet provided with each instrument should serve as the guide. 

1514. The spring-driven marine chronometer is a timepiece having a nearly 
constant rate. It is used aboard ship to provide accurate time, primarily for timing 
celestial observations for lines of position, and secondarily for setting the ship’s 
other timepieces. It differs from a watch principally in that it contains a variable 
lever device to maintain even pressure on the mainspring, and a special balance 
designed to compensate for temperature variations. A ship in which celestial navi- 
gation is used carries one or more chronometers. 

A spring-driven chronometer is set approximately to Greenwich mean time 
(GMT) and is not reset until the instrument is overhauled and cleaned, usually at 
three-year intervals. Resetting might disturb the rate. Instead, the difference be- 
tween GMT and chronometer time (C) is carefully determined, and applied as a 
correction to all chronometer readings. This difference, called chronometer error 
(CE), is “fast” (F) if chronometer time is later than GMT, and “slow” (S) if earlier. 
The amount by which chronometer error changes in 1 day is called chronometer 
rate, or sometimes daily rate, considered “gaining” or “losing” as the chronometer 
is running faster or slower than the correct rate. An erratic rate indicates a 
defective instrument, or need for overhaul. The methods of determining and apply- 
ing chronometer error and chronometer rate are explained in chapter XVIII. 

A spring-driven chronometer is mounted in gimbals in a box, which should be 
carefully stowed to protect the instrument from damage due to heavy rolling and 
pitching, vibration, temperature variations, and electrical and magnetic influences. 
Usually this is done by fitting the box snugly into a heavily padded case suitably 
located in the chart room of merchant ships, and below decks, near the center of 
motion, in U.S. Navy ships. 

The principal maintenance requirement aboard ship is regular winding at 
about the same time each day. Aboard United States naval vessels this is customar- 
ily done at about 1130 each morning, and reported to the commanding officer at 
1200. Aboard merchant ships it is usually wound at about 0800. Although a spring- - 
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driven chronometer is designed to run for more than 2 days, daily winding helps 
insure a uniform rate, and constitutes a daily routine that decreases the possibility 
of letting the instrument run down. On the face of each chronometer is a small dial 
that indicates the number of hours elapsed since the instrument was wound. To 
wind the chronometer, gently turn the instrument on its side, and slide back the 
guard covering the keyhole. Insert the key and carefully wind in a counterclockwise 
direction. Seven half-turns should suffice. If a chronometer should run down, wait 
until GMT is nearly the same as the time indicated before winding. If the chronom- 
eter does not start after winding, move the case back and forth gently. Check the 
error and rate carefully. 

At maximum intervals of about three years, a spring-driven chronometer 
should be sent to a good chronometer repair shop for cleaning and overhaul. When 
transported by hand, a chronometer should be clamped in its gimbals and stowed in 
the large case provided. When shipped, it should be allowed to run down, and the 
balance secured by a cork before the chronometer is stored in the large case. 

1515. Quartz crystal marine chronometers are being used as replacements for 
the spring-driven chronometers aboard ships of the U.S. Navy. The accuracy of 
these instruments is such that the time can be read without resort to chronometer 
rate. Should the second hand be in error by a readable amount, it can be reset 
electrically. 

The quartz crystal chronometer designed for U.S. Navy use (fig. 1515a) displays 
time using a 24-hour dial. It indicates the day of the week. The chronometer is 
furnished in a case suitable for direct installation in shipboard chronometer lockers 
or modular type chart tables without gimbaling or other special mounting or 
restraining features. 

The basic element for time generation is a quartz crystal oscillator. The quartz 
crystal is temperature compensated and is hermetically sealed in an evacuated 
envelope. A calibrated adjustment capability is provided to adjust for the aging of 
the crystal. The performance requirements for this chronometer are shown in 
figure 1515b. 

The chronometer is designed to operate a minimum of 1 year on a single set of 
batteries. A built-in battery test meter is operated by means of a push button. The 
meter indicates the relative strength of the battery. The dial is marked to indicate 
the point at which the battery should be replaced. The chronometer continues to 
operate and keep the correct time for at least 5 minutes while the batteries are 
being changed. The chronometer is designed to accommodate the gradual voltage 
drop during the life of the batteries by which it is powered while maintaining 
accuracy requirements. 

A two-position setting mechanism is provided to set the three hands. One 
position of the mechanism permits the minutes and hours to be set without any 
movement of the second hand. Return of the mechanism to the other (normal) 
position results in resumption of the measurement of time. 

Two electrical push buttons are provided for making small corrections in time 
by electrical means. Depression of one button stops the chronometer movement and 
depression of the other speeds up the movement. Operation of the push buttons 
does not upset the synchronization of the minute and second hands. 

1516. Watches.—In the interest of accuracy, a spring driven chronometer is not 
disturbed more than necessary. Celestial observations are timed and ship’s clocks 
set by means of a comparing watch. This is a high-grade pocket watch which is set 
by comparison with a chronometer, and then carried to the place where accurate 
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Figure 1515a.—Quartz crystal chronometer. 


time is needed. For celestial navigation, a comparing watch should have a large 
sweep-second hand which can be set. A comparing watch used for timing celestial 
observations should preferably be set to Greenwich mean time, to avoid the necessi- 
ty of applying a correction for each observation. 

If the second hand cannot be set, the watch should be set to the nearest whole 
minute, being sure that the second hand is in synchronism with the minute hand, 
and the watch error (WE) determined. If a watch is to be used for other purposes 
than timing of celestial observations, it might preferably be set to zone time. A 
comparing watch should be set, or watch error determined, immediately before or 
after celestial observations are made, to avoid the necessity for determining and 
applying a correction for watch rate, and to eliminate a possible error due to an 
inaccurate or variable rate. If a watch set to GMT is used for timing celestial 
observations, care should be taken to avoid a possible error of 12 hours or 24 hours. 
The mental application of zone description of ship’s time indicates the approximate 
GMT and the Greenwich date. The subject of time is discussed more fully in 
chapter XVIII. A stop watch may also be used for celestial observations. 

1517. Other instruments.—The sextant, chronometer, and comparing watch (or 
stop watch) are the principal instruments of celestial navigation. The azimuth circle ~ 
for observing azimuths of celestial bodies is discussed in article 629. Plotting equip- 
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Figure 1515b.—Performance requirements. 


ment is the same as that for dead reckoning (arts. 602-606). A flashlight might be 
needed for reading the sextant and the comparing watch. A pocket notebook is 
desirable for recording predicted positions of celestial bodies if a star finder is used, 
and for recording the observations. A workbook is desirable for solving celestial 
observations so that a permanent record is available. Work forms are desirable, but 
should form part of the work book, and not be kept separately. These might be 
provided by rubber stamp, or by printing. In the latter case a looseleaf work book 
may be desirable to permit arrangement of the various papers in chronological 
order. 


* CHAPTER XVI 


SEXTANT ALTITUDE CORRECTIONS 


1601. Need for correction.—Altitudes of celestial bodies, obtained aboard ship 
for the purpose of establishing lines of position, are normally measured by a hand- 
held sextant, described in chapter XV. The uncorrected reading of a sextant after 
such an operation is called sextant altitude (hs). If the sextant is in proper adjust- 
ment, certain sources of error are eliminated, as explained in article 1509. There 
remains, however, a number of sources of error over which the observer has little 
or no control. For each of these he applies a correction. When all of these sextant 
altitude corrections have been applied, the value obtained is the altitude of the 
center of the celestial body above the celestial horizon, for an observer at the center 
of the earth. This value, called observed altitude (Ho), is compared with the 
computed altitude (Hc) to find the altitude intercept (a) used in establishing a line 
of position as explained in chapter XVII. 

Articles 1602-1614 describe the various corrections. For highly accurate results, 
all of these are needed to the greatest accuracy obtainable. The needs of ordinary 
practical navigation, however, make no such exacting requirements, and in the 
course of his usual day’s work at sea, the navigator has relatively few corrections to 
apply, from conveniently-arranged tables readily accessible to him. The more de- 
tailed information in chapter VIII of volume II is given to (1) provide the basis for a 
better understanding of the problem, (2) furnish the information needed for evalua- 
tion of results, and (3) provide a source of reference material beyond that given in 
the usual navigation text. 

1602. Instrument correction (I) is the combined correction for nonadjustable 
errors (prismatic error, graduation error, and centering error) of the sextant, as 
explained in article 1509. Usually, this correction is determined by the manufactur- 
er, and recorded on a card attached to the inside of the top of the sextant box. It 
varies with the angle, may be either positive or negative, and is applied to all 
angles measured by that instrument. For a well-made instrument, the maximum 
value is so small that this correction can be ignored for all except the most accurate 
work. Normally, instrument error of artificial-horizon sextants is so small, consider- 
ing the precision to which angles can be measured by such instruments, that no 
correction is provided. 

1603. Index correction (IC), due primarily to lack of parallelism of the horizon 
glass and index mirror at zero reading, is discussed in article 1509. Until the 
adjustment is disturbed, the index correction remains constant for all angles, and is 
applicable to all angles measured by the instrument. It may be either positive or 
negative. Normally, artificial-horizon sextants do not have index corrections. 

1604. Personal correction (PC) is numerically the same as personal error (art. 
1507), but of opposite sign, either positive or negative. If experience indicates the 
need for such a correction, it should be made to altitudes of the bodies to which it 
applies. However, the observer should be sensitive to changes in its value. Unless 
the observer has sufficient evidence to be sure of the existence and relative constan- _ 
cy of a personal error, no correction should be applied. 
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1605. Dip (D) of the horizon is the angle by which the visible horizon (art. 1429) 
differs from the horizontal at the eye of the observer (the sensible horizon, art. 
1429). Thus, it applies only when the visible horizon is used as a reference, and not 
when an artificial horizon, either internal or external to the sextant, is used. It 
applies to all celestial bodies. If the eye of the observer were at the surface of the 
earth, visible and sensible horizons would coincide, and there would be no dip. This 
is never the situation aboard ship, however, and at any height above the surface, 
the visible horizon is normally below the sensible horizon, as shown in figure 1605a. 
Normally, then, an altitude measured from the visible horizon is too great, and the 
correction is negative. It increases with greater height of the observer’s eye. Because 
of this, it is sometimes called height of eye correction. 

If there were no atmospheric refraction (art. 1606), dip would be the angle 
between the horizontal at the eye of the observer, and a straight line from this 
point tangent to the surface of the earth. With refraction, dip is the angle (4 HAC’ 
of figure 1605b) between the horizontal at the eye of the observer and a straight 
line tangent at the eye of the observer to the curved ray of light from the visible 
horizon. 


Ficure 1605a.—Dip without refraction. FicureE 1605b.—Dip with refraction. 


The amount by which refraction alters dip varies with changing atmospheric 
conditions. Even the average value has not been established with certainty, and 
several methods of computing dip have been proposed. The values given in the 
critical table on the inside front cover of the Nautical Almanac were computed by 
the equation 


D=0.9TVA 


where D is the dip, in minutes of arc; and A is the height of eye of the observer, in 
feet. Part of this table is repeated on the page facing the inside back cover. The Air 
Almanac table was computed independently by a different method, to a precision of 
whole minutes. The minor discrepancies thus introduced are not important in 
practical navigation. OTN 

The values given in the table are satisfactory for practical navigation under 
most conditions. An investigation by the Carnegie Institution of Washington showed 
that of 5,000 measurements of dip at sea, no value differed from the tabulated value 
by more than 2/5, except for one difference of 10/6. Extreme values of more than 
30’ have been reported and even values of several degrees have been encountered in 
polar regions. Greatest variations from tabulated values can be expected in calm 
weather, with large differences between sea and air temperatures, particularly if 
mirage effects are present. Irregularities in the shape of the rising or setting sun 
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may indicate abnormal conditions. Large variations may also be present shortly 
after passage of a squall line, when errors of as much as 15’ have been reported. 
When a temperature inversion is known to exist, the tabulated dip may be too 
small, numerically. The effect of sea-air temperature difference is discussed in 
greater detail in chapter VIII of volume II. 

In the determination of height of eye, position on the ship should be considered, 
and also the condition of loading and trim. If an observation is made from a 
position differing from the usual place, the altered height of eye should not be 
overlooked. Momentary changes due to rolling and pitching can be neutralized, to a 
large extent, by making observations from a point on the centerline of the vessel, at 
the axis of pitch. 

Since variations from normal dip may be one of the principal sources of error 
in celestial observations, the observer should be alert to conditions affecting terres- 
trial refraction. Any observation taken within half an hour after passage of a squall 
line should be regarded as unreliable. 

If dip cannot be measured, the effects of abnormal conditions can be minimized 
by observing three bodies differing in azimuth by about 120° (or four bodies by 90°, 
five bodies by 72°, etc.).-If the error is constant in all directions, its effect is to 
increase (or possibly to decrease) the size of the closed figure formed by the lines of 
position without altering the position of its center. Hence, the size of the figure is 
not necessarily an indication of the accuracy of the fix. 

1606. Refraction (R).—Light, or other radiant energy, is assumed to travel in a 
straight line at uniform speed, if the medium in which it is traveling has uniform 
properties. But if light enters a medium of different properties, particularly if the 
density is different, the speed of light changes somewhat. Light from a single point 
source travels outward in all directions, in an expanding sphere. At great distances, 
a small part of the surface of this sphere can be considered flat, and light continu- 
ing to emanate from the source can be considered similar to a series of waves, in 
some respects resembling the ocean waves encountered at sea. If these light 
“waves” enter a more dense medium, as when they pass from air into water, the 
speed decreases. If the light is traveling in a direction perpendicular to the surface 
separating the two media (in this case vertically downward), all parts of each wave 
front enter the new medium at the same time, and so all parts change speed 
together, as shown in figure 1606a. But if the light enters the more dense medium 
at an oblique angle, as shown in figure 1606b, the change in speed occurs progres- 
sively along the wave front as the different parts enter the more dense medium. 
This results in a change in the direction of travel, as shown. This change in 
direction of motion is called refraction. If light enters a more dense medium, it is 
refracted toward the normal (NN), as in figure 1606b. If it enters a less dense 
medium, it is refracted away from the normal, as light traveling in the opposite 
direction to that shown in figure 1606b. 

The amount of the change in direction is directly proportional to the angle 
between the direction of travel and the normal (angle ABN in figure 1606b). The 
ratio of this angle to the similar angle after refraction takes place (angle CBN’ in 
figure 1606b) is constant, so that as one increases, the other increases at the same 
rate. Hence, the difference between them (the change in direction) also increases at 
the same rate. Therefore, if the incident ray (AB) is nearly parallel to the surface at 
which refraction takes place, relatively large amounts of refraction occur. 

The amount of refraction is also directly proportional to the relative speed of 
travel in the two media. Various substances are compared by means of a number 
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FicurE 1606a.—No refraction occurs when light Ficure 1606b.—A ray entering a denser medium at 
enters denser medium normal to the surface. an oblique angle is bent toward the normal. 


called the index of refraction («), which depends primarily upon the density of the 
substance. In figure 1606b, angle ABN is called the angle of incidence (¢) and angle 
CBN’ the angle of refraction (0). These are related by Snell’s law, which states that 
the sines of the angle of incidence and angle of refraction are inversely proportional 
to the indices of refraction of the substances in which they occur. Thus, if pi is the 
index of refraction of the substance in which ¢ occurs, and pe is the index of 
refraction of the substance in which @ occurs 


sin 0 Pi 


If the index of refraction changes suddenly, as along the surface separating 
water and air (as shown in fig. 1606b), the change in direction is equally sudden. 
However, if a ray of light travels through a medium of gradually changing index of 
refraction, its path is curved, undergoing increased refraction as the index of 
refraction continues to change. This is the situation in the earth’s atmosphere, 
which generally decreases in density with increased height. The gradual change of 
direction occurring there is called atmospheric refraction. The bending of a ray of 
light traveling from a point on or near the surface of the earth, to the eye of the 
observer, is called terrestrial refraction. This affects dip of the horizon, as discussed 
in article 1605. A ray of light entering the atmosphere from outside, as from a star, 
undergoes a similar bending called astronomical refraction. 


Apparent Position 


Actual Position 


Figure 1606c.—Astronomical refraction. 
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The effect of astronomical refraction is to make a celestial body appear higher 
in the sky than it otherwise would, as shown in figure 1606c. If a body is in the 
zenith, its light is not refracted, except for a very slight amount when the various 
layers of the atmosphere are not exactly horizontal. As the zenith distance in- 
creases, the refraction becomes greater. At an altitude of 20° it is about 2/6; at 10°, 
5/3; at 5°, 99; and at the horizon, 34/5. A table of refraction is given on the inside 
front cover and facing page of the Nautical Almanac, in the columns headed “Stars 
and Planets.’ As height above the surface of the earth increases, light from an 
outside source travels through less of the atmosphere, and refraction decreases. At 
shipboard heights the difference is negligible, but at aircraft heights the change is a 
consideration. Therefore, the refraction table given near the back of the Air Alma- 
nac is a double-entry table. 

The values given in the tables are for average conditions. This is called mean 
refraction. A considerable amount of research has been conducted to determine the 
mean values, the conditions under which values differ from the mean, and the 
amount of such differences. A number of different mean refraction tables have been 
produced. Values in the various tables differ slightly because of different assump- 
tions, different methods of observation, and different observed results under appar- 
ently similar conditions. This last source of difference is due primarily to the fact 
that conditions could be determined at the position of the observer, but not at 
various points along the line traveled by the ray of light in passing through the 
atmosphere. Nevertheless, the various tables agree very well down to a minimum 
altitude of 2°. Below this, the refraction is erratic, and differences between values in 
the various tables are not as important as differences between mean and instanta- 
neous values. The values given in the almanac tables are in excellent agreement 
with those actually measured. 

Because of their variability, refraction and dip (also affected by refraction) are 
the principal uncertainties in the accuracy of celestial observations of a careful 
observer. As a result of this uncertainty, navigators formerly avoided all observa- 
tions below some arbitrary altitude, usually 15°. While this is still good practice if 
higher bodies are available, the growing knowledge of atmospheric refraction has 
increased the confidence with which navigators can use low-altitude sights. There is 
little reason for lack of confidence in sights as low as 5°. Below this, other available 
corrections should be applied (art. 1626). If altitudes below 2° are used, larger 
probable errors should be anticipated, even with the use of additional corrections. 
Generally, the error in tabulated refraction should not exceed two or three minutes, 
even at the horizon. However, a knowledge of conditions affecting refraction is 
helpful in determining the confidence to be placed in such observations. Since 
refraction elevates both the celestial body and the visible horizon, the error due to 
abnormal refraction is minimized if the visible horizon is used as a reference. 

The atmosphere contains many irregularities which are erratic in their influ- 
ence upon refraction. Normally, the navigator has not the information needed to 
correct for such conditions, but only to recognize their existence. He must recognize 
that those observations made within half an hour after passage of a squall line 
might be considerably in error. The passage of any front might have a similar 
effect. A temperature inversion (art. 3815) may upset normal refraction. Abnormal 
values may be expected when there is a large difference between the temperature 
of the sea and air. With an absence of wind, the air tends to form in layers. When 
this condition becomes extreme, mirage effects occur. Sometimes the rising or. 
setting sun or moon appears distorted. Multiple horizons may appear, and other 
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ships or islands may seem to float a short distance above the water. Under any such 
conditions large errors in refraction might be encountered. 

Conditions causing abnormal refraction can be expected to occur with consider- 
able frequency in the vicinity of the Grand Banks, along the west coast of Africa 
from Mogador to Cap Blanc and from the Congo to the Cape of Good Hope, in the 
Red Sea and the Persian Gulf, and over ice-free water in polar regions. Abnormal 
refraction may be encountered when offshore winds blow from high, snow-covered 
mountains to nearby tropical seas, as along the west coast of South America; where 
cold water from large rivers such as the Mississippi flows into warm sea water; 
when a strong current flows past a bay or coast, causing colder water to be drawn 
to the surface, as in the Bay of Rio de Janeiro and Santos, and along the Atlantic 
coast of Africa between Cape Palmas and Cape Three Points during the time of the 
southwest monsoon; and along the east coast of Africa in the vicinity of Capo 
Guardafui during the summer. In the temperate zones abnormal refraction is most 
common during the spring and summer. 

Of the more systematic errors which affect refraction, two can be evaluated, 
and corrections applied. These are for air temperature (art. 1607) and atmospheric 
pressure (art. 1608). However, these corrections are based upon assumed standard 
gradients (changes) with height. 

Since refraction causes celestial bodies to appear elevated in the sky, they are 
above the horizon longer than they otherwise would be. The mean diameter of the 
sun and moon are each about 32’, and horizontal refraction is 34/5. Therefore, the 
entire sun or moon is actually below the visible horizon when the lower limb 
appears tangent to the horizon. The effect of dip is to further increase the time 
above the horizon. Near the horizon the sun and moon appear flattened because of 
the rapid change of refraction with altitude, the lower limb being raised by refrac- 
tion to a greater extent than the upper limb. 

As a correction to sextant altitudes, refraction is negative because it causes the 
measured altitude to be too great. It decreases with increased altitude, and applies 
to all celestial bodies, regardless of sextant or horizon used. 

1607. Air temperature correction (T).—The Nautical Almanac refraction table 
is based upon an air temperature of 50°F (10°C) at the surface of the earth. At other 
temperatures the refraction differs somewhat, becoming greater at lower tempera- 
tures, and less at higher temperatures. Table 23 provides the correction to be 
applied to the altitude to correct for this condition. If preferred, this correction can 
be applied with reversed sign to the refraction from the almanac, and a single 
refraction applied to the altitude. A combined correction for nonstandard air tem- 
perature and nonstandard atmospheric pressure (art. 1608) is given on page A4 of 
the Nautical Almanac. The correction for air temperature varies with the tempera- 
ture of the air and the altitude of the celestial body, and applies to all celestial 
bodies, regardless of the method of observation. However, except for extreme tem- 
peratures or low altitudes, this correction is not usually applied unless results of 
unusual accuracy are desired. 

1608. Atmospheric pressure correction (B).—The Nautical Almanac refraction 
table is based upon an atmospheric pressure of 29.83 inches of mercury (1010 
millibars) at sea level. At other pressures the refraction differs, becoming greater as 
pressure increases, and smaller as it decreases. Table 24 provides the correction to 
be applied to the altitude for this condition. A combined correction for nonstandard 
air temperature (art. 1607) and nonstandard atmospheric pressure is given on page 
A4 of the Nautical Almanac. If the correction is to be applied to the refraction, 
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reverse the sign. This correction varies with atmospheric pressure and altitude of 
the celestial body, and is applicable to all celestial bodies, regardless of the method 
of observation. However, except for extreme pressures or low altitudes, this correc- 
tion is not usually applied unless results of unusual accuracy are desired. 

1609. Irradiation correction (J).—When a bright surface is observed adjacent to 
a darker one, a physiological effect in the eye causes the brighter area to appear to 
be larger than is actually the case; conversely, the darker area appears smaller. 
This is called irradiation. Thus, since the sun is considerably brighter than the sky 
background, the sun appears larger than it really is; and when the sky is consider- 
ably brighter than the water, the horizon appears slightly depressed. The effects on 
the horizon and lower limb of the sun are in the same direction and tend to cancel 
each other while the effect on the upper limb of the sun is in the opposite direction 
to that on the horizon and tends to magnify the effect. 

From 1958-1970 a correction of 1/2 was included in the Nautical Almanac data 
for the upper limb of the sun as an average correction for the effect of irradiation. 
Recent investigations have not supported that average value and have revealed that 
the magnitude of the effect depends on the individual observer, the size of the 
ocular, the altitude of the sun, and other variables. In summary, the accuracy of 
observations of the limb of the sun at low altitudes may be affected systematically 
by irradiation, but the size of the correction is so dependent upon the variables 
enumerated above that it is not feasible to include an average correction in the 
tables. 

1610. Semidiameter (SD) of a celestial body is half the angle, at the observer’s 
eye, subtended by the visible disk of the body. The position of the lower or upper 
limb of the sun or moon with respect to the visible horizon can be judged with 
greater precision than that of the center of the body. For this reason it is custom- 
ary, when using a marine sextant and the visible horizon, to observe one of the 
limbs of these two bodies, and apply a correction for semidiameter. Normally, the 
lower limb is used if it is visible. In the case of a gibbous or crescent moon, 
however, only the upper limb may be available. Semidiameter is shown in figure 
1612. 

The semidiameter of the sun varies from a little less than 15/8 early in July, 
when the earth is at its greatest distance from the sun, to nearly 16/3 early in 
January, when the earth is nearest the sun. In the Nautical Almanac the semi- 
diameter of the sun at GMT 12% on the middle day of each page opening of the daily 
page section is given to the nearest 0/1 at the bottom of the sun’s GHA column. 
The altitude correction tables of the sun, given on the inside front cover and facing 
page, are divided into two parts, to be used during different periods of the year. The 
mean semidiameter of each period is included in the tables of both upper and lower 
limb corrections. The semidiameter each day is listed to the nearest 0”01 in the 
Astronomical Almanac. In the Air Almanac the semidiameter to the nearest 0/1 is 
given near the lower right-hand corner of each daily page. 

The moon undergoes a similar change in semidiameter as its distance from the 
earth varies. However, because of the greater eccentricity of the moon’s orbit than 
that of earth, the variation in semidiameter is also greater, varying between about 
14°7 and 16/8. The variation is more rapid, partly because of the greater spread of 
values, but principally because the moon completes its revolution in approximately 
one month, while the earth makes one revolution per year. In the Nautical Alma- 
nac, semidiameter of the moon at 12" each day is given to the nearest 0/1 at the 
bottom of the moon data columns. The correction for semidiameter of the moon is" 
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included in the corrections given on the inside back cover and facing page. In the 
Air Almanac, semidiameter is given to the nearest whole minute, being shown on 
the daily pages, immediately below the value for the sun. The semidiameter at 
intervals of a day is given to the nearest 0701 in the Astronomical Almanac. 

The navigational planets have small semidiameters. For Venus it varies be- 
tween about 5” and 32”; for Mars, 2”7 to 12”6; for Jupiter, 16” to 25”; and for 
Saturn, 7” to 10”. The value for any date is given in the Astronomical Almanac, but 
not in the Nautical Almanac or Air Almanac because the apparent centers of these 
bodies are customarily observed. 

Stars have no measurable semidiameter. 

The computed altitude of a body refers to the center of that body, since the 
coordinates listed in the almanacs are for the center. If the Jower limb is observed, 
the sextant altitude is Jess than the altitude of the center of the body, and hence 
the correction is positive. If the upper limb is observed, the correction is negative. 
The correction does not apply when the center of the body is observed, which is 
usually the case when an artificial-horizon sextant is used. With a marine sextant 
and either the natural or an artificial horizon, semidiameter is customarily applied 
to observations of the sun and moon, but not other celestial bodies. 

1611. Phase correction (F).—Because of phase (fig. 1612), the actual centers of 
planets and the moon may differ somewhat from the apparent centers. Average 
corrections for this difference are included in the additional corrections for Venus 
and Mars given on the inside front cover of the Nautical Almanac. They should be 
applied only when these bodies are observed during twilight. At other times the 
magnitude and even the sign of the correction might differ from those tabulated, 
because of a different relationship between the body and the horizon. The phase 
correction for navigational planets other than Venus and Mars is too small to be 
significant. 

A phase correction may apply to observations of the moon if the apparent 
center of the body is observed, as with an artificial-horizon sextant. However, no 
provision is made for a correction in this case; the need for it can be avoided by 
observing one of the limbs of the body. 

Phase correction does not apply to observations of the sun or stars. 

1612. Augmentation (A).—As indicated in article 1610, semidiameter changes 
with distance of the celestial body from the observer, becoming greater as the 
distance decreases. The semidiameter given in the ephemeris and used in the 
almanacs is for a fictitious observer at the center of the earth. If the celestial body 
is on the actual observer’s horizon, its distance is approximately the same as from 
the center of the earth; but if the body is in the zenith, its distance is less by about 
the radius of the earth (fig. 1612). Therefore, the semidiameter increases as the 
altitude becomes greater. This increase is called augmentation. For the moon, the 
augmentation from horizon to zenith is about 0/3 at the mean distance of the moon. 
At perigee it is about 2” greater, and at apogee about 2” less. Augmentation of the 
sun from horizon to zenith is about ‘44 of 1 second of arc. For planets it is 
correspondingly small, varying with the positions of the planets and the earth in 
their orbits. At any altitude the augmentation is equal to the sine of the altitude 
times the value at the zenith. 

Augmentation increases the size of the semidiameter correction, whether posi- 
tive or negative. It is included in the moon correction tables on the inside back 
cover and facing page of the Nautical Almanac. It is not included in the correction 
tables of other bodies or in the Air Almanac tables. 
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Figure 1612.—Semidiameter, phase, and augmentation. 
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1613. Parallax (P) is the difference in apparent position of a point as viewed 
from two different places. If a finger is held upright at arm’s length and the right 
and left eyes closed alternately, the finger appears to move right and left a short 
distance. Similarly, if one of the nearer stars were observed from the earth and 
from the sun, it would appear to change slightly with respect to the background of 
more distant stars. This is called heliocentric parallax or stellar parallax. The 
nearest star has a parallax of less than 1”. Even if the value were greater, no 
correction to sextant altitudes would be needed, for the difference would be reflect- 
ed in the tabulated position of the body. 

However, positions of celestial bodies are given relative to the center of the 
earth, while observations are made from its surface. The difference in apparent 
position from these two points is called geocentric parallax. If a body is in the 
zenith, at Z in figure 1618, there is virtually no parallax, for the line from the body 
to the center of the earth passes approximately through the observer at A. Suppose, 
however, the moon is at M. From A it appears to be along the line AM, while at the 
center of the earth it would appear to be along OM. The altitude at A would be the 
angle SAM, and that at O the angle COM. Angle COM is equal to angle SBM, which 
is exterior to the triangle ABM, and hence equal to the sum of angles SAM and 
AMO. 
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Ficure 1613.—Geocentric parallax. 
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where r is the radius of the earth, and D the distance of the body from the center of 
the earth. Thus, the sine of the horizontal parallax is directly proportional to the 
radius of the earth, and inversely proportional to the distance of the body. Since the 
earth is an oblate spheroid, and not a sphere, the parallax varies slightly over 
different parts of the earth. The value at the equator, called equatorial horizontal 
parallax, is greatest, and the value at the poles, called polar horizontal parallax, is 
least. The difference is not enough to be of practical navigational significance. The 
parallax in altitude is equal almost exactly to the horizontal parallax times the 
cosine of the altitude (h). That is, 


P in A=HP cos h. 


The moon, being nearest the earth, has the greatest parallax of any celestial 
body used for navigation. The equatorial horizontal parallax at mean distance is 
57'02”70. As the distance of the moon varies, so does the parallax, becoming greater 
as the moon approaches closer to the earth, and less as it recedes, horizontal 
parallax varying several minutes each side of the value at mean distance. For the 
sun, mean equatorial horizontal parallax, called solar parallax, is 8”794. Differ- 
ences in position on the earth, and distance from the sun, have small effect, the 
maximum variation due to the latter being about 0715. Horizontal parallax of the 
planets varies considerably because of the large differences in their distances from 
the earth. For Venus the value varies between 5” and 32” ; for Mars, 3” and 24”; for 
Jupiter, 1” and 2”; and for Saturn, 078 and 170. The geocentric parallax of stars is 
too small to be measured, even by the most precise telescopes, since the value for 
the nearest star is only 07700003. 

Daily values of horizontal parallax for the sun, moon, and planets are given in 
the Astronomical Almanac, to a precision of 0”01. In the Nautical Almanac, mean 
values for the sun are included in the two sun correction tables given on the inside 
front cover and facing page. Horizontal parallax of the moon is tabulated at inter- 
vals of one hour on the daily pages. This value is used to enter the lower part of the 
moon correction tables on the inside back cover and facing page. The additional 
corrections for Venus and Mars given on the inside front cover are partly for 
parallax. No correction is given for parallax of Jupiter and Saturn. The Air Alma- 
nac gives parallax corrections only for the moon. These values are given in the 
“Moon’s P in A” column on each daily page. 

Because of the geocentric parallax, a body appears too low in the sky. There- 
fore, the correction is always positive. It applies regardless of the method of obser- 
vation. 

1614. Summary of corrections.—The essential information regarding the appli- 
cation of the various corrections may be tabulated as shown below. In the “Bodies” 
column, the symbols are: ©, sun; €, moon; P, planets; 5, stars. In the ‘“Sextants” 
column, M refers to a marine sextant with visible horizon, A refers to a marine 
sextant with artificial horizon, and B refers to an artificial-horizon sextant. The 
tabulation assumes that completely accurate results are desired and that correc- 
tions are to be made in the usual manner, where they are available. Some of the 
entries need qualification or explanation which may be found in the preceding 
articles or chapter VIII of volume II. 

These corrections can be considered to fall into five groups: 

1. Corrections for inaccuracies in reading. Instrument correction, index correc-_ 
tion*, and personal correction. 

2. Corrections for inaccuracies in reference level. Dip* and sea-air temperature 
difference. 
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Correction Symbol Sign Increases with Bodies Sextants Source 
peariens in + changing altitude ©, C,P, *% M, A,B sextant box 
le Ne =e constant ©, C,P, *% M, A,B measurement 

- a = eb Melon Oo, f a re M, A, B”- measurement 
DA), ) = sher height of eye O, * M almanacs 
Bgerait temp. diff. S + greater temp. diff. ©, C, P, * M Seiten 

oe raction R — lower altitude ©, €,P, %* M, A,B almanacs 
ir temp. Al as greater diff.from 50°F ©, C, P, % M,A,B almanacs, 
‘ E ; table 23 
Atmospheric B + greater diff. from 29.83 ©, €,P, % M,A,B Nautical 
pressure inches of mercury Almanac, 
Irradiation _ © M, A lsatene 
Bemidiameter SD + lesser dist. fromearth 0, € M, A almanacs 
ase + phase 1 M, A,B Nautical 
Almanac 
Augmentation + higher altitude € M, A Nautical 
Almanac 
Parallax Lis + lower altitude OG, Le M, A, B- almanacs 


8. Corrections for bending of ray of light from body. Refraction*, air tempera- 
ture, atmospheric pressure. 

4, Adjustment to equivalent reading at center of body. Irradiation, semi- 
diameter*, phase, augmentation. 

5. Adjustment to equivalent reading at center of earth. Parallax”. 

In the ordinary practice of seamen, extreme accuracy is not required, and only 
the principal correction of each group is applied (except that augmentation is 
applied for the moon). These principal corrections are indicated by asterisks. For 
low altitudes, additional corrections are applied, as indicated in chapter VIII of 
volume II. 

1615. Order of applying corrections.—For purposes of ordinary navigation, 
sextant altitudes can be applied in any order desired, using sextant altitude for the 
entering argument whenever altitude is required. This practice is not strictly accu- 
rate, but for altitudes usually observed, the error thus introduced is too small to be 
of practical significance. When extreme accuracy is desired, however, or at low 
altitudes, where small changes in altitude result in significant changes in correc- 
tion, the order of applying corrections is important. Corrections from the first two 
groups of article 1614 are applied to sextant altitude (hs) to obtain apparent (recti- 
fied) altitude (ha), which is then used as an entering argument for obtaining 
corrections of the third group. For strictest accuracy, all corrections of the first 
three groups and, in addition, irradiation and semidiameter, should be applied 
before augmentation, and all other corrections before parallax. 

1616. Marine sextant corrections.—Under normal conditions and when the 
highest accuracy is not required, it is necessary to apply only a few corrections. 
Several of these corrections may be combined within a single altitude correction 
table. In addition to corrections for index error, dip, and mean refraction, the 
normal altitude corrections when using the Nautical Almanac are: phase and 
parallax for Venus and Mars; semidiameter and parallax for the sun; and semi- 
diameter, augmentation, and parallax for the moon. 

1617. Artificial-horizon corrections.—When an artificial horizon is used, index 
correction (and any others of the first group of article 1614) is first applied. The 
result is then divided by two. Other corrections are then applied to the result, as 
applicable, in the same manner as for observations using the visible horizon. The 
sun and full moon are normally observed by bringing the lower limb of one image 
tangent to the upper limb of the other image. The lower limb is observed if the 
image seen in the horizon mirror is above the image seen in the artificial horizon, 
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unless an inverting telescope is used, when the opposite relationship holds. With a 
gibbous or crescent moon, judgment may be needed to establish the positions of the 
limbs. In some cases better results may be obtained by superimposing one image 
over the other, as with a planet or star. When this is done, the center of the body 
has been observed, and no correction is applied for semidiameter (or irradiation, 
phase, or augmentation). There is no correction for dip (or sea-air temperature) 
when an artificial horizon is used. 

1618. Artificial-horizon sextant corrections are the same as those for observa- 
tions made by the use of the visible horizon, with two notable exceptions. First, 
there is no correction for dip (or sea-air temperature difference or wave height), 
none for semidiameter (or irradiation, phase, or augmentation), and usually none 
for index correction (or instrument correction). Second, because of the lower accura- 
cy normally obtainable by artificial-horizon sextant, corrections are normally made 
only to the nearest whole minute of arc. As a result of these differences, refraction 
is the only correction normally applied, except in the case of the moon, where 
parallax is also applied. 

1619. Corrections by Nautical Almanac.—In the Nautical Almanac, certain 
corrections or parts of corrections are combined. Index correction, of course, is not 
included because this depends upon adjustment of the sextant. The various correc- 
tion tables are as follows: 

“Sun,” on the inside front cover and facing page, gives mean refraction, mean 
semidiameter for each of two periods during the year, and mean solar parallax. The 
table on the inside front cover, and repeated on the loose bookmark, is of the 
critical type, with altitude as the entering value. Thus, a tabulated correction 
applies to any value of altitude between that given half a line above it and that half 
a line below it. If an exact tabulated altitude is used to enter the table, the 
correction half a line above it should be used. In ordinary navigation, index correc- 
tion, dip, and the correction from this table are needed for correcting marine 
sextant observations of the sun. For low altitudes or extremes of temperature or 
atmospheric pressure, a correction from the table on almanac page A4 (or tables 23 
and 24 of volume II) should be applied. 

“Stars and planets,” on the inside front cover and repeated on the loose 
bookmark, gives mean refraction only, for the main tabulation. This is a critical 
type table, with altitude as the entering argument. The correction is always nega- 
tive. In ordinary navigation, index correction, dip, and the correction from this 
table are the only ones needed for stars and the planets Jupiter and Saturn. For 
Venus and Mars, an additional correction for parallax and phase is given to the 
right of the main tabulation. The entering altitudes are limited to those occurring 
during twilight. If observations are made at other times, this additional correction 
should not be applied even though the altitude may fall within the tabulated range. 

“Dip,” on the inside front cover and repeated on the loose bookmark, is for dip 
of the horizon. An abbreviated dip table is also given on the page facing the inside 
back cover. The tables are of the critical type, and the entering argument is the 
height of the observer’s eye, in feet and meters, above the surface of the sea. The 
correction, always negative, applies to all observations made with the visible sea 
horizon as a reference. 

“Additional Correction Tables” for nonstandard conditions, given on almanac 
page A4, provides an additional correction for nonstandard temperature and atmos- 
pheric pressure. The sign of each correction is indicated. Equivalent information is 
given, with increased range of entering values, in tables 23 and 24 of volume II. 
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“Altitude Correction Tables—Moon,” on the inside back cover and facing page, 
gives mean refraction, semidiameter, augmentation, and parallax. The entering 
argument is altitude for the upper portion of the table, and altitude and horizontal 
parallax for the lower portion. The combined correction is always positive, but 30’ is 
to be subtracted from the altitude of the upper limb. In ordinary navigation, index 
correction, dip, and the correction from this table are needed in correcting marine 
sextant observations of the moon. 

The various separate corrections available from the Nautical Almanac can be 
found as follows: 

Dip. Dip table on inside front cover and repeated on loose bookmark, and on 
the page facing the inside back cover. 

Refraction. Mean refraction from “Stars and Planets’ table on inside front 
cover and repeated on loose bookmark, and on the facing page. 

Semidiameter. For the sun, the semidiameter for the middle day of each page 
opening of this daily page section is given at the bottom of the sun GHA column. 
For the moon, semidiameter for each day is given at the bottom of the moon data 
columns. The values given are for GMT 1200 on the dates indicated. 

Parallax. For the sun, parallax in altitude can be considered 0/1 for altitudes 0° 
to 70°07’, and 0/0 for higher altitudes, with negligible error. This is based upon the 
mean value of 8”’794. For the moon, horizontal parallax each hour is tabulated on 
the daily pages. Parallax in altitude is this value multiplied by the cosine of the 
altitude. 

If artificial-horizon sextant altitudes of the sun or moon are corrected by 
Nautical Almanac, the upper and lower limb corrections can be found and the 
average computed. 

1620. Corrections by Air Almanac.—In the Air Almanac, various corrections as 
applicable to hand-held marine sextant observations are given separately in critical 
type tables, to the nearest whole minute (nearest two or five minutes of refraction 
for low altitudes), as follows: 

Dip. Inside back cover. 

Refraction. Near the back. Aboard ship use the values for zero height. 

Air temperature. Near the back. This is shown, not as a separate correction, but 
as an adjustment to mean refraction. Instructions for use of the table are given 
within the table. 

Semidiameter. For the sun and moon, on the A.M. and P.M. pages, below the 
moon’s P in A. Values given are for GMT 1200. 

Parallax. For the moon, in the P in A table on the A.M. and P.M. pages. 
Horizontal parallax is the value for 0° altitude. 

1621. Correcting altitudes of the sun.—In the normal practice of navigation, 
sun observations obtained by marine sextant with the visible horizon as reference 
are corrected as shown in the following examples: 

Example 1.—On June 2, 1975, the lower limb of the sun is observed with a 
marine sextant having an IC of (—)2/0, from a height of eye of 38 feet. The hs is 
51°28/4. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 
Solution.— 
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(1) cee O Meet (2) repety tas 
IC 2/0 IC 9 
D 6/0 D 6’ 
© 15/2 R 1 
sum 15/2 8/0 SD 16’ 
corr. (OEP sum 16’ 9’ 
hs 51°28/4 corr. Cot 
Ho 51°35'6 hs 51°28’ 
Ho 51°35 


Example 2.—On June 2, 1975, the upper limb of the sun is observed with a 
marine sextant having an IC of (+)1/0, from a height of eye of 45 feet. The hs is 
32°47/9. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— ab 
(1) Hes en 2 (2) Ribinge cm 
IC 1/0 KG 
D 65 D 7 
© 17/3 R 7 
sum 1/0 23/8 SD 16’ 
corr. (—)2278 sum 1’ 20" 
hs 32°47/9 corr. ()24 
Ho 32°25/1 hs 32°48’ 
Ho 32°24’ 


A convenient work form is helpful in the solution. Once the form is prepared, 
the corrections can be entered in any order desired. The symbols © and © are used 
for the corrections from the sun table on the inside front cover of the Nautical 
Almanac. If additional corrections are used, they are included in the same manner 
as those shown. Observations by artificial horizon and by artificial-horizon sextant, 
and low-altitude observations and back sights, are discussed elsewhere in this 
chapter. 

1622. Correcting altitudes of the moon.—Moon observations by marine sextant 
with the visible horizon as reference are normally corrected as shown in the 
following examples: 

Example 1.—At about GMT 1100 on June 2, 1975, the lower limb of the moon is 
observed with a marine sextant having an IC of (+) 3/2, from a height of eye of 32 
feet. The hs is 18°04’6. 


Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 
(1) + Coe = (2) sue AGeiTes 
ICs IG= 3" 
D 515 D 6’ 
€ 62/5 R oe 
Tacs SD 15’ 
sum 66/5 5/5 Pee Siu 
corr. (+)1°01/0 sum 69’ 9’ 
hs 18°04/6 corr. (+)60’ 
Ho 19°05/6 hs 18°05’ 


Ho 19°05’ 
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Example 2.—At about GMT 0900 on June 2, 1975, the upper limb of the moon is 


observed with a marine sextant having an IC of (—)1‘6, from a height of eye of 70 
feet. The hs is 66°47/3. 


Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

(1) “  Caaaape= (2) fas 
IC 1/6 IC A 
D 8/1 D 8’ 
dons hel R ee 
WHhy372 SD 15’ 

add’] — 30/0 Peat 
sum 36/3 39/7 sum 21’ 25’ 
corr. (aa corr. (ae 
hs 66°47/3 hs 66°47’ 
Ho 66°43/9 Ho 66°43’ 


The typical work forms shown are useful in problems of this type. The symbol 
€ is used for the correction from the upper part of the moon correction table on the 
inside back cover, and facing page, of the Nautical Almanac. The letters L and U 
are used for the corrections from the lower part of this table. Observations by 
artificial horizon, and by artificial-horizon sextant, and low-altitude observations 
and back sights, are discussed elsewhere in this chapter, as are additional correc- 
tions for use when unusual accuracy is desired. 

1623. Correcting altitudes of planets ——When Venus and Mars are observed by 
marine sextant using the visible horizon as reference, sextant altitudes are normal- 
ly corrected as shown in the following example: 

Example.—On June 19, 1975, Venus is observed with a marine sextant having 
no IC, from a height of eye of 28 feet. The hs is 44°21 3h 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

(1) + V - (2) eV 
IC — = Ce = = 
D gl D 5! 
t-P 1/0 R 1 
add] _0'.38 sum — 6’ 
sum 0'.3 6/1 corr. (—)6' 
corr. (—)5/8 hs 44°21' 
hs 44°21'3 Ho 44°15’ 

Ho 44°15'5 


For Jupiter and Saturn, no additional correction is given. Correction of observa- 
tions of these bodies is the same as corrections of star observations (art. 1624). Work 
forms are useful. The symbol y4—P is used for the correction taken from the “Star- 
Planet” table on the inside front cover of the Nautical Almanac. If additional 
corrections are to be used, for results of unusual accuracy or low altitudes, they are 
included in the form in the same manner as those shown. Observations by artificial 
horizon and by artificial-horizon sextant, and low-altitude observations and back 
sights are discussed elsewhere in this chapter. 
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1624. Correcting altitudes of stars.—Star observations by marine sextant, using 
the visible horizon as reference, are normally corrected as shown in the following 
example: 

Example.—Miaplacidus is obgerved with a marine sextant having an IC of 
(+)1‘0, from a height of eye of 50 feet. The hs is 27°54/0. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 
(1) (2) 

sae <a ey 

Ke AA IC iW 
D 6/9 D te 
fr-P 1/8 R 2" 
sum 1/0 8/7 sum iF 9’ 
corr. (S)77 corr. (Si 
hs 27°54/0 hs Payal 
Ho 27°46/3 Ho 27°46 


Work forms for such problems are helpful. Additional corrections, used when 
unusual accuracy is desired, are included in the same manner as those shown. 
Observations by artificial horizon and by artificial-horizon sextant, and low-altitude 
observations and back sights, are discussed elsewhere in this chapter. 

1625. Low altitudes are normally avoided because of large and variable refrac- 
tion. But sometimes these are the only observations available. This is particularly 
true in polar regions, where the sun may be the only celestial body available, and 
may not reach an altitude of more than a few degrees over a considerable period. In 
lower latitudes the sun may appear briefly just before sunset or just after sunrise. 
Low-altitude observations can supply useful information if additional corrections 
are applied. Reliable lines of position can generally be obtained from low-altitude 
observations, but when conditions are abnormal, the errors introduced are general- 
ly larger than for higher altitudes, and the precautions of article 806 of volume II 
should be particularly observed. 

In correcting low-altitude observations, which for normal conditions can be 
defined as those less than 5°, first apply corrections from the first two groups of 
article 1614 to obtain apparent altitude (ha). Normally, this includes only index 
correction and dip. Then apply the remaining corrections, using apparent altitude 
when an altitude is needed for entering correction tables. The corrections normally 
applied are mean refraction, air temperature, atmospheric pressure, semidiameter 
(as applicable), and parallax (for the sun and moor’. 

In practice, sextant altitudes are corrected in the usual manner, except that 
additional corrections are applied, and the process is divided into two parts. The use 
of apparent altitude for finding parallax introduces an error but this is too small 
(less than 0/1) for practical consideration. If the Nautical Almanac is used, correc- 
tions for altitudes between the horizon and 10° are given in a noncritical type table 
on almanac page A3. The correction for a negative altitude can be obtained by 
extrapolation without introducing a significant error for values obtained at ship 
heights of eye. A combined temperature-atmospheric pressure correction can be 
obtained from the table on almanac page A4. This table is intended for use without 
interpolation between columns. Separate corrections can be obtained from tables 23 
and 24 of volume II, which provide interpolated values for greater accuracy. They 
also provide greater range of temperature and atmospheric pressure. 
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To correct a low altitude of the sun, then, apply index correction and dip to 
sextant altitude to find apparent altitude. Using this altitude as an entering value, 
find the following corrections and apply them to apparent altitude: 

sun correction (© or ©), from page A8 of the Nautical Almanac; 

combined temperature-atmospheric pressure correction (TB), from page A4 of 

the Nautical Almanac (separate corrections for temperature (T) and atmos- 
pheric pressure (B) from tables 23 and 24, respectively, can be used in place 
of the combined correction). 

If the Air Almanac is used, the mean refraction and air temperature correc- 
tions can be combined by using the factor in the refraction table. A semidiameter 
correction of 16’ is added if the lower limb is observed, and subtracted if the upper 
limb is observed. Since corrections are to whole minutes only, parallax is not used 
for the sun. In summary, apply index correction and dip to sextant altitude to find 
apparent altitude. Using this altitude as an entering value, where needed, apply the 
following corrections to apparent altitude: 

refraction (adjusted for air temperature) (R), from table near back of Air 

Almanac; 

atmospheric pressure (B), from table 24; 

semidiameter (SD), 16’ (add if lower limb, and subtract if upper limb). 

Example 1.—On June 2, 1975, the lower limb of the sun is observed with a 
marine sextant having an IC of (+)1/8 from a height of eye of 45 feet. The hs is 
1°24/4, air temperature 88°F, and atmospheric pressure 29.78 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 28 and 24, and (3) Air 
Almanac. 


Solution.— 

(1) +Q - (2) + QO - (3) Ou 
IGS Ie S128 IC 2 

D 6/5 D 615 D W 

sum 1/8 615 sum 1/8 615 sum 2’ uF 

corr. aati corr. nate corr. ay 

hs 1°24'4 hs 1°24/4 hs ileZAg 

ha 171977, ha 1219.47 ha Tay 

© 6/0 @ 60 R 18’ 
TBse25 T9125 Bi 2: 
sum 2/5 6/0 B - SD 16’ 

corr. padigas sum 1/5 6/0 sum 16’ 18 

ha 1°19°7 corr. (CS corr. (2) 

Ho 151.622 ha 9s, ha Igy 

Ho 1°15(2 Ho IPL? 


The larger intervals given in the Air Almanac refraction table may introduce 
additional error. In this example, the temperature is changed to Celsius (centi- 
grade), giving a value of 31”. The factor at a height of 0 feet corresponding to this 
temperature is 0.9. With this and the apparent altitude, the combined refraction 
and air temperature correction is found to be as shown. Approximately the same 
result would have been obtained by correcting for mean refraction (without the 
factor) and temperature (from table 23) separately. 
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If the moment at which either limb is tangent to the horizon is noted, an 
observation of 0° altitude has been made without a sextant. 

Example 2.—On June 2, 1975, the sun is observed at sunset as the upper limb 
drops below the horizon, from a, height of eye of 38 feet. The air temperature is 
(—)10°F, and atmospheric pressure 30.06 inches. Double extrapolation would be 
needed to solve this problem by the Nautical Almanac. A better solution is provided 
by means of tables 23 and 24. 

Required.—Ho using (1) tables 23 and 24, and (2) Air Almanac. 


Solution.— 
(1) nn Ores (2) riers a= 
ICsinee pe IQvon?2 = 
D 6/0 D 6’ 
sum!) 9 6/0 sum 6' 
corr. (—)6/0 corr. (eS), 
hs 0°00/0 hs 0°00’ 
ha (—)0°06/0 ha (—)0°06' 
oS) 51/5 R 42! 
4p 4/8 B a 
B 0/3 SD 16’ 
sume 56/6 sum  — 58’ 
corr. (—)56/6 corr. (—)58’ 
ha (—)0°06/0 ha (—)0°06’ 
Ho C2 02k6 Ho (ier 


Corrections are applied algebraically. Therefore, for negative altitudes a nega- 
tive correction is numerically added, and a positive correction is numerically sub- 
tracted. 

To correct low altitudes of the moon, apply index correction and dip to sextant 
altitude to find apparent altitude. Using this altitude as an entering value, find the 
following corrections and apply them to apparent altitudes: 

moon correction (@), from inside back cover, and facing page, of Nautical 

Almanac; 

lower or upper limb correction (L or U), from inside back cover, and facing 

page, of Nautical Almanac; 

additional correction (add’l, (—)30’, for upper limb observation only); 

combined temperature-atmospheric pressure correction (TB), from page A4 of 

the Nautical Almanac (separate corrections for temperature (T) and atmos- 
pheric pressure (B) from tables 23 and 24, respectively, can be used in place 
of the combined correction). 

If the Air Almanac is used, correct the apparent altitude by applying the 
following corrections: 

refraction (adjusted for air temperature) (R), from table near back of Air 

Almanac; 

atmospheric pressure (B), from table 24; 

semidiameter, from daily page; 

parallax, from daily page. 
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Example 3.—At GMT 17°14™27° on June 2, 1975, the upper limb of the moon is 
observed with a marine sextant having no IC, from a height of eye of 33 feet. The 
hs is 2°35.4, air temperature 63° F, and atmospheric pressure 29.81 inches. 


Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (8) Air 
Almanac. 


Solution.— 

(1) eu iC (2) ete (3) eres 
Ga _ (C—— os Co = 
D 5/6 D 5/6 D 6' 
Sun, 5/6 sum — 5/6 sum — 6’ 
corr. (—)5/6 corr. (—)5'6 corr. (—)6’ 
hs 2°35/4 hs 2°35/4 hs 2230. 
ha ap a BA) ha 2°29/8 ha 2°29’ 
C bor) e521 R 16’ 

td eh. 1 Uae ha 
add'l 30/0 add’l 30/0 SD 1bsy’ 

TB 0/4 Te O24 P54 
sum 53/6 30/0 1S ee sum 54’ 31’ 
corr. (+)23/6 sum 53/6 30/0 corr. (+)23' 
ha 2°29/8 corr. (+)23/6 ha 2°29' 
Ho 2°58/4 ha 2°29'8 Ho MOC 

Ho 2°58/4 


A lower limb solution would be the same, except that an L correction would 
have been used from the Nautical Almanac and there would be no “add’!” correc- 
tion, and in the Air Almanac solution the sign of the semidiameter correction 
would be reversed. The moon correction table on the inside back cover, and facing 
page, of the Nautical Almanac extends to a minimum altitude of 0°. The corrections 
for negative altitudes can be found by extrapolation. 

To correct low altitudes of the planets Venus and Mars, apply index correction 
and dip to sextant altitude to find apparent altitude. Using this altitude as an 
entering value, find the following corrections and apply them to apparent altitude: 

star-planet correction (;4-P), from page A3 of the Nautical Almanac; 

additional correction (add’l), from page A2 of the Nautical Almanac; 

combined temperature-atmospheric pressure correction (TB), from page A4 of 

the Nautical Almanac (separate corrections for temperature (T) and atmos- 
pheric pressure (B) from tables 23 and 24, respectively, can be used in place 
of the combined correction). 

If the Air Almanac is used, correct the apparent altitude by applying the 
following corrections: 

refraction (adjusted for air temperature) (R), from table near back of Air 

Almanac; 

atmospheric pressure (B), from table 24. 

Example 4.—On November 28, 1975, Mars is observed with a marine sextant 
having an IC of (+)3/5, from a height of eye of 17 feet. The hs is 4°02‘6, air 
temperature 2°F, and atmospheric pressure 29.67 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (8) Air 


Almanac. 
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Solution.— 
(1) + M — (2) + M — (3) + M = 
IG, 3.5 IG 45.5 ike AE 
D 4’0 i D 40 D 4’ 
sum 3/5 4/0 SUM po (ee. sum 4’ 4’ 
corr. (2005 corr. (=)075 corr. a= 
hs 4°02'6 hs 4°02'6 hs 4°03’ 
ha 4°02/1 ha 4°0271 ha 4°03’ 
ir-P 11/7 a 1/7 R 14 
add’] 0/3 add’] 0/3 baa 
TB 125 1 2 sum — 14’ 
sum 0/3 1342 Brod corr. (S)1¥ 
corr. (—)12/9 MU nO 4 eel 2-Oue ha 4°03’ 
ha A*O2e1 corr. C1225 Ho 3°49’ 
Ho 3°49/2 ha 4°02/1 


Ho 3°4979 


The solution for Jupiter and Saturn, and for stars, is identical with that of 
example 4, except that the additional correction (phase and parallax) is omitted. 

1626. Back sights.—An altitude measured by facing away from the celestial 
body being observed is called a back sight. It may be used when an obstruction, 
such as another vessel, obscures the horizon under the body; when that horizon is 
indistinct; or when observations are made in both directions, either to determine 
dip or to avoid error due to suspected abnormal dip. Such an observation is possible 
only when the arc of the sextant is sufficiently long to permit measurement of the 
angle, which is the supplement of the altitude. For such an observation of the sun 
or moon, the lower limb is observed when the image is brought below the horizon, 
appearing as a normal upper limb observation, and vice versa. To correct such an 
altitude, subtract it from 180° and reverse the sign of corrections of the first two 
groups of article 1614 (normally only index correction and dip). 

Example.—On June 2, 1975, a back sight is taken of the lower limb of the sun, 
with a marine sextant having an IC of (—)2/0, from a height of eye of 24 feet. The 
measured sextant altitude is 118°41/4. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 


Solution.— 

W) dear @) senate dat 

1Ceno2e0 IC 7 

Dees D by 
© 15/4 R 1! 

sum 22/2 = SD a6! 
corr. (+)22/2 sum 23’ ly 
180°—hs 61°18/6 corr. (+)22’ 
Ho 61°40/8 180°—hs 61°19’ 


Ho 61°41’ 
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1627. Correcting horizontal angles.—When a marine sextant is used to meas- 
ure the horizontal angle between two objects, the result is not usually desired to a 
precision that makes correction necessary, unless the sextant has an unusually 
large index error. However, if precise results are desired, corrections of the first 
group only of article 1614 are applied. If a personal error exists, it is not likely to be 
the same as for altitudes. For measuring angles between two objects differing 
widely in altitude, as between two stars, it is not likely that results will be required 
to such precision that additional correction for the third, fourth, and fifth groups of 
article 1614 will be needed. If they are, the method of application can be deter- 
mined from the principles of spherical trigonometry. In this case, the altitudes of 
both bodies will also be needed. Corrections for the second group of article 1614 are 
not applicable. 


Problems 


1617a. At about GMT 0800 on June 2, 1975, the following bodies are observed 
with marine sextants having an IC of (+)2!2, using an artificial horizon: sun (lower 
limb) hs 134°33/9, moon (upper limb) hs 77°23/4, Venus hs 98°04'6, Schedar hs 
43°24/4. 

Required.—Ho of each observation using (1) Nautical Almanac, and (2) Air 
Almanac. 

Answers.—(1) Sun Ho 67°33/6, moon Ho 39°09/1, Venus Ho 49°02'6, Schedar Ho 
21°40/9; (2) sun Ho 67°34’, moon Ho 39°09’, Venus Ho 49°03’, Schedar Ho 21°41’. 

1617b. At about GMT 0300 on June 2, 1975, the following bodies are observed 
with bubble sextants having no IC: sun hs 23°51’, moon hs 52°20’, Jupiter hs 63°18’, 
Eltanin hs 24°45’. 

Required.—Ho of each observation using (1) Nautical Almanac, and (2) Air 
Almanac. 

Answers.—(1) and (2) Sun Ho 23°49’, moon Ho 52°52’, Jupiter Ho 63°18’, Eltanin 
Ho 24°43’. 

1621a. On June 2, 1975, the lower limb of the sun is observed with a marine 
sextant having an IC of (+)1/8, from a height of eye of 34 feet. The hs is 41°34/8. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 41°45/8; (2) Ho 41°46’. 

1621b. On June 2, 1975, the upper limb of the sun is observed with a marine 
sextant having no IC, from a height of eye of 30 feet. The hs is 15°21°7. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 14°57/1; (2) Ho 14°57’. 

1621c. On June 2, 1975, the lower limb of the sun is observed with a marine 
sextant having an IC of (—)1‘3, from a height of eye of 43 feet. Another ship is 
between the observer and the horizon, at a distance of 1.4 miles from the observer. 
The water line of this ship is used as the horizontal reference. The hs is 25°18°2. 

Required.—Ho using table 92 and (1) Nautical Almanac, and (2) Air Almanac. 

Answers. —(1) Ho 25°12/9; (2) Ho 25°13’. 

1622a. At about GMT 2100 on June 2, 1975, the lower limb of the moon is 
observed with a marine sextant having an IC of (—)2/5, from a height of eye of 55 
feet. The hs is 47°35‘5. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 48°16/8; (2) Ho 48°16’. 
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1622b. At about GMT 2300 on June 2, 1975, the upper limb of the moon is 
observed with a marine sextant having an IC of (+)4/0, from a height of eye of 12 
feet. The hs is 22°58/3. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 23°31/8; (2) Ho 23°32’. 

1623a. On June 18, 1975, Mars is observed with a marine sextant having an IC 
of (+)2‘2, from a height of eye of 60 feet. The hs is 34°11/7. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 34°05/1; (2) Ho 34°05’. 

1623b. Jupiter is observed with a marine sextant having an IC of (—)1/0, from a 
height of eye of 27 feet. The hs is 11°23/9. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 11°13/2; (2) Ho 11°13’. 

1624. Alpheratz is observed with a marine sextant having no IC, from a height 
of eye of 42 feet. The hs is 38°20/3. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 38°1278; (2) Ho 38°13’. 

1625a. On June 2, 1975, the lower limb of the sun is observed with a marine 
sextant having an IC of (—)2/3, from a height of eye of 24 feet. The hs is 2°04/6, air 
temperature 65°F, and atmospheric pressure 30.81 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho 1°55/1; (2) Ho 1°55/1; (3) Ho 1°55’. 

1625b. On July 2, 1975, the sun is observed as the upper limb drops below the 
horizon at sunset, from a height of eye of 19 feet. The air temperature is 16°F, and 
atmospheric pressure 29.90 inches. 

Required.—Ho using (1) Nautical Aimanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho (—)0°59/9; (2) Ho (—)0°57’8; (3) Ho (—)0°58’. 

1625c. At GMT 6"03™29§ on June 2, 1975, the upper limb of the moon is 
observed with a marine sextant having an IC of (+)2/6, from a height of eye of 35 
feet. The hs is 1°12'6, air temperature (—)23°F, and atmospheric pressure 29.04 
inches. 

Required.—Ho using (1) tables 23 and 24, and (2) Air Almanac. 

Answers.—(1) Ho 1°22/3; (2) Ho 1°20’. 

1625d. At GMT 12'44™01s on June 2, 1975, the lower limb of the moon is 
observed with a marine sextant having an IC of (+)3/2, from a height of eye of 22 
feet. The hs is 0°24/4, air temperature 40°F, and atmospheric pressure 29.94 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho 1°01'2; (2) Ho 1°01/5; (3) Ho 0°58’. 

1625e. On January 19, 1975, Venus is observed with a marine sextant having an 
IC of (—)0‘5, from a height of eye of 31 feet. The hs is 3°29/8, air temperature 55°F, 
and atmospheric pressure 30.15 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho 3°10/7; (2) Ho 3°10/7; (3) Ho 3°10’. 

1625f. Saturn is observed with a marine sextant having an IC of (—)2/3, from a 
height of eye of 37 feet. The hs is 4°39/2, air temperature 76°F, and atmospheric 
pressure 28.89 inches. 
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Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 


Answers.—(1) Ho 4°21/1; (2) Ho 4°21/1; (3) Ho 4°21’. 

1625g. Gienah is observed with a marine sextant having no IC, from a height of 
eye of 44 feet. The hs is 2°46/1, air temperature 35°F, and atmospheric pressure 
29.92 inches. 

Required.—Ho using (1) Nautical Almanac, (2) tables 23 and 24, and (3) Air 
Almanac. 

Answers.—(1) Ho 2°23/4; (2) Ho 2°36/6; (3) Ho 2°21’. 

1626. On June 2, 1975, a back sight is taken of the lower limb of the sun, with a 
marine sextant having an IC of (+)1‘7, from a height of eye of 49 feet. The 
measured sextant altitude is 141°04/9. 

Required.—Ho using (1) Nautical Almanac, and (2) Air Almanac. 

Answers.—(1) Ho 39°15/0; (2) Ho 39°15’. 

1627. The horizontal angle between two objects is measured with a marine 
sextant having an IC of (+)4/0. The measured angle is 85°14‘6. 

Required.—Corrected angle. 

Answer.—Corrected angle 85°18/6. 


A 


CHAPTER XVII 


LINES OF POSITION FROM CELESTIAL OBSERVATIONS 


1701. Circles of equal altitude.—For every point on the earth there is a zenith 
(art. 1426) vertically overhead on the celestial sphere (art. 1403). Likewise, every 
point on the celestial sphere is vertically over some terrestrial point, called its 
geographical position (GP). However, since the earth rotates on its axis, causing 
apparent rotation of the celestial sphere, the GP of any point on the celestial sphere 
is continually moving to the westward, at the rate of about 15° per hour. If a 
celestial body is changing its apparent position on the celestial sphere, this motion 
is added to that caused by rotation, so that the rates of motion of the GP’s of 
various bodies differ slightly. Further, this motion may not be exactly westward, 
having a small northerly or southerly component as the body changes declination, 
due either to its own proper motion or precession of the equinoxes (art. 1419), or a 
combination of the two. 

At any moment the declination of a celestial body is equal to the latitude of its 
GP. The Greenwich hour angle (GHA) of the body, if not greater than 180°, is equal 
to the longitude (west) of the GP. If the GHA is greater than 180°, its explement 
(860° GHA) is equal to the longitude (east). Thus, if it is established that a body of 
known coordinates is in the zenith of an observer, the position of the observer is 
known. However, for the celestial bodies used in navigation, this condition rarely 
occurs for any individual observer, and is difficult to determine when it does occur. 

More commonly, the altitude (art. 1430) is measured, and from this the zenith 
distance (art. 1430) can be determined. This value defines a circle on the earth, as 
shown in figures 1701la and 1701b. Thus, if the observer is one mile from the GP, in 
any direction, he is 1’ from it, and his zenith is 1’ from the celestial body. Anywhere 
on a circle of one mile (1’) radius, with the GP as the center, the zenith distance is 
1’. Similarly, if the zenith distance is 10°, the observer may be anywhere on a circle 
(assuming a spherical earth) of radius 1060=600 miles, with the GP as the center. 
If the zenith distance is 30°, the radius is 1,800 miles; if 60°, the radius is 3,600 
miles; and if 90° (body on the celestial horizon), the radius is 5,400 miles. This is a 
great circle dividing the earth into two hemispheres. Anywhere within that hemi- 
sphere having the GP as its center the celestial body is above the celestial horizon. 
Anywhere within the opposite hemisphere the body is below the celestial horizon. 

These circles of equal altitude are circles of position, or circular lines of 
position. Two such circles for different celestial bodies, or for the same body at 
different times, may intersect at two points, as shown in figure 1701c. If these 
circles have radii equal to the zenith distances at the observer, the position of the 
observer is established at one of the two intersections. N ormally, these intersections 
are separated by such great distances that no question arises as to which represents 
the position of the observer. However, uncertainty can be removed if additional 
altitude circles can be established by observation of other celestial bodies. It would 
be a rare coincidence for a third such circle to pass through both intersections of 
the first two. The third observation also serves as a check on the accuracy of the - 
first two. The ambiguity might also be resolved by noting the azimuth of either or 
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Figure 1701a.—Circles of equal altitude. 


both of the bodies, for the azimuth should be in the same direction as the radius of 
the circle of position, measured at the intersection. 

1702. Utilizing circles of equal altitude.—For most altitudes conveniently ob- 
served, the plotting of circles of equal altitude involves certain difficulties. Because 
of the long radii of such circles, a chart of very small scale would be needed, and 
virtually any chart distortion would introduce some error, unless an azimuthal 
projection (art. 316) centered upon the GP were used, an impractical procedure with 
a moving GP for each body. The appearance of two circles of equal altitude plotted 
on a Mercator chart is shown in figure 1702. . 

It has been suggested that the second difficulty, that of distortion, might be 
overcome by plotting directly on a sphere, using equipment designed for this pur- 
pose. While theoretically sound, this procedure does not overcome the first difficul- 
ty, that of scale, and has not proved practical. A variation of this has been the use 
of movable arcs, by which a small-scale model of one or more navigational triangles 
(art. 1433) is mechanically produced. The coordinates are carefully measured by 
means of sliding indices controlled by verniers or micrometers. Another variation 
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Figure 1701b.—Circles of equal altitude. Figure 1701c.—Intersections of two circles of 
equal altitude. 


Figure 1702.—Circles of equal altitude on a Mercator chart. 
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has been a graphical solution based upon the drawing of a diagram according to 
any of various principles. Although a number of mechanical and graphical solutions 
have been devised, and some have proved practical (ch. XXI), none has been 
generally accepted as superior to the commonly used tabular methods of solution. 

However, as the altitude of a body increases, reducing the zenith distance, both 
distortion and scale difficulties decrease. Also, on a Mercator chart, they decrease 
as the GP approaches the equator. The observation of a celestial body near the 
zenith is difficult, but in the case of the sun no alternative may be available near 
noon in the Tropics. Such a situation does provide an easy solution and may permit 
obtaining of a fix from two observations of the same body, with only a few minutes 
between observations. This solution is discussed further in article 2011. 

1703. The line of position.—For zenith distances too great to plot conveniently, 
a line of position can be laid down in another manner. 

The altitude of a celestial body may be measured. After appropriate corrections 
are applied, this is called observed altitude (Ho). For the instant of observation, the 
altitude and azimuth at some convenient assumed position (AP) near the actual 
position of the observer are determined by calculation or equivalent process. The 
difference between this computed altitude (Hc) and Ho is the altitude intercept (a), 
sometimes called altitude difference. Since a is the difference in altitude at the 
assumed and actual positions, it is also the difference in zenith distance, and 
therefore the difference in radii of the circles of equal altitude at the two places. 
The position having the greater altitude is on the circle of smaller radius, and 
hence is closer to the GP of the body. In figure 1703a the AP is shown on the inner 
circle. Hence, Hc is greater than Ho. 

The line of position can be plotted by using the altitude intercept portion of the 
information of figure 1703a, as shown in figure 1703b. First, the AP is plotted. The 
circle of equal altitude through this position is not needed, and is not plotted. From 
the AP the azimuth line is measured toward or away from the GP as appropriate, 
and the altitude intercept is measured along this line. At the point thus located, a 
line is drawn perpendicular to the azimuth line. For several miles on each side of 
the azimuth line, this perpendicular can be considered part of the circle of position 
through the observer, as shown in figure 1708a. This perpendicular is the line of 
position. It is labeled with the time of observation above the line, and the name of 
the celestial body below the line, as shown in figure 1708b. 

For neatness of plot the azimuth line should not be extended beyond the line of 
position for the AP, unless it is extended a short distance in the direction of the 
body, and the symbol of the body observed is shown to indicate whether a “toward” 
or “away” observation. This method is used in the examples of Pub. No. 229. Some 
navigators may omit the azimuth line, showing only the AP and line of position, 
and using a straightedge as a guide for the dividers in measuring the altitude 
difference. This is good practice, for it reduces the number of lines on the plotting 
sheet, and therefore minimizes the possibility of making an error. However, until 
one gains confidence in plotting lines of position, it is desirable to show the azimuth 
line. 

For plotting a line of position from a celestial observation, then, only the 
assumed position, altitude intercept (with an indication of which altitude is great- 
er), and azimuth are needed. 

The assumed position is chosen somewhat arbitrarily. It may be the dead 
reckoning position, an estimated position, or any arbitrarily chosen position nearby. 
Most commonly, however, the assumed latitude (aL) is taken as the nearest whole 
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FicureE 1703a.—The basis for the line of position FicureE 1703b.—A line of position from 
from a celestial observation. observation of the star Capella at 0643. 


degree of latitude to the DR or EP; and the assumed longitude (aA) is selected so 
that the local hour angle is a whole degree. The location of the line of position is 
independent of the location of the AP (within reasonable limits), assuming only that 
the altitude intercept is measured from the AP used for determining Hc. That is, 
each AP has its own altitude intercept, depending upon its distance from the line of 
position. 

The altitude intercept, the numerical difference between Hc and Ho, is custom- 
arily expressed in nautical miles (minutes of arc), and labeled T or A to indicate 


whether the line of position is toward or away from the GP, as measured from the 
AP: 


Housicol-6 He. 615123 
Ho 37°43/9 Hopo2 12as 
a TTA a 15.4T 


The azimuth is customarily determined by computation or table at the time of 
determining Hc. 

This method of plotting a line of position from a celestial observation was 
suggested by Marcq St.-Hilaire (art. 2108), and generally bears his name. It is used 
almost universally by modern navigators. The method is based upon knowledge of 
one point on the line, and the direction of the line. Another method of utilizing the 
same principle is to assume the latitude and compute the longitude at which the 
line of position crosses that parallel (the time sight method, art. 2106), or vice versa. 
When this method is used, the azimuth is customarily found separately, from a 
table or graph. A third method is to compute two points on the line of position and 
draw a straight line through them. This line is a chord, rather than a tangent, of 
the circle of position, but in most cases the difference is negligible. This third 
method was that originally proposed by Captain Thomas H. Sumner (art. 131), and 
for this reason the resulting line of position is sometimes called a Sumner line, 
although the expression may be applied to any line of position resulting from 
celestial observation. 

When celestial navigation is used, plotting is generally done on plotting sheets — 
(art. 323) published by the Defense Mapping Agency Hydrographic/ Topographic 
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Center. These are less expensive than charts, and the absence of detail eliminates a 
possible source of confusion and error. 

1704. Using lines of position from celestial observations.—Like any other line 
of position, one resulting from a celestial observation does not pinpoint the position 
of the craft, but may provide all the information needed to insure safety of the 
vessel. The selection of a celestial body and the time of observation to provide the 
desired information is based upon the fact that the line of position is perpendicular 
to the azimuth line. If the celestial body is on or near the celestial meridian, the 
line of position is a latitude line, indicating the latitude at the time of observation, 
sometimes called the observed latitude. Similarly, a body on or near the prime 
vertical provides a longitude line, indicating the observed longitude. One ahead or 
astern provides a speed line, since the line of position is perpendicular to the 
course, and hence is an indication of the speed made good since the last speed line 
or fix. Similarly, a body on the beam provides a course line which indicates to what 
extent the course is being made good. If the azimuth line is perpendicular to a 
coastline, shoal, or other hazard, the line of position indicates the distance of the 
vessel from the danger. Passage parallel to such a danger, or between two of them, 
might be made safely by means of a series of observations of a body on the beam 
during passage, without fixing the position of the vessel. This problem might be 
simplified by precomputing the sextant altitude at intervals during passage, and 
plotting this versus time on cross-section paper, so that sextant altitudes can be 
compared immediately with the values taken from the curve to determine any 
deviation from the desired track. In a perpendicular approach to a coast, the point 
at which landfall will be made can be predicted with considerable accuracy if a 
body having an azimuth parallel to the beach is observed. 

During twilight, with clear skies, the selection of a celestial body to provide 
desired information is simply a matter of choosing the body with azimuth nearest 
that desired, remembering that bodies having azimuths differing by 180° should 
provide the same line of position. Observation of bodies in opposite directions 
provides a check, and a better one than two observations of the same body, or 
observations of two bodies having nearly the same azimuth, for any constant error 
in the observations, such as might be caused by abnormal dip, can be eliminated by 
observing bodies on opposite azimuths and using a line midway between the two 
plotted lines of position. 

When a limited number of bodies is available for a considerable period, as 
during daylight, the best time to make an observation to obtain a line of position in 
a desired direction can be determined by means of an azimuth table or diagram, or 
an inspection table such as Pub. No. 229. The azimuth is located, and the corre- 
sponding local hour angle is recorded. The local hour angle can then be converted 
to GHA, and the time at which this GHA occurs can be determined from the 
almanac (art. 1904). 

Lines of position can be used for determining an estimated position (art. 1705), 
or they can be advanced or retired (art. 1706) to obtain a fix (art. 1707) or running 
fix (art. 1708). If a single body is available for observation, increased accuracy can 
usually be obtained by making three or more observations, adjusting all lines to a 
common time (art. 1706), and using either the middle line, or the average position of 
all lines. 

1705. Estimated position.—As indicated in chapter VIII, a dead reckoning 
(DR) position is determined by advancing a known position for courses and dis- 
tances. In the absence of additional information, the DR position is the best esti- 
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mate of the position of the vessel. However, the expression estimated position (EP) 
is generally applied to one determined by using additional but inconclusive informa- 
tion. If the effects of wind and current can be estimated, and these effects have not 
been considered in establishing the DR position, they can be applied separately to 
establish an EP. As each additional item of information is received, an improved 
estimate might be made. 

A single line of position can be useful in establishing an estimated position. If 
an accurate line is obtained, the actual position is somewhere on this line. In the 
absence of better information, a perpendicular from the previous DR position or EP 
to the line of position establishes the new EP, as shown in figure 1705a. The foot of 
the perpendicular from the AP has no significance in this regard, since it is used 
only to locate the line of position. 

The establishment of a good EP is dependent upon accurate interpretation of 
all information available. Generally, such ability can be acquired only by experi- 
ence. If, in the judgment of the navigator or captain, the course has been made 
good, but the speed has been uncertain, the best estimate of the position might be 
at the intersection of the course line and the line of position, as shown in figure 
1705b. If the speed since the last fix is considered accurate, but the course is 
considered uncertain, the EP might be at the intersection of the line of position and 
an arc centered on the previous fix and of radius equal to distance traveled, as 
shown in figure 1705c. 


EP after observation of sun 


EP before observation of sun 
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FicureE 1705a.—Estimated positions before and after observation of the sun for a line of position 
allowing for current. 
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Ficure 1705b.—An estimated position when the Ficure 1705c.—An estimated position when the 
gouree and a line of position are considered accu- speed and a line of position are considered accu- 
rate. rate. 
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Ficure 1705d.—An estimated position when a line of position is considered of first accuracy, speed of 
second accuracy, and course of third accuracy. 


More often, neither course nor speed is known to be entirely accurate, but if 
one is considered more accurate than the other, the EP may be located accordingly. 
Even the line of position might properly be considered of questionable accuracy, 
and some estimate of its reliability established. Figure 1705d shows an EP that 
might be established by considering the line of position of greatest but incomplete 
accuracy, the speed of secondary accuracy, and the course as least accurate. 

The expression most probable position (MPP) is sometimes used as the equiva- 
lent of estimated position. However, the former is of somewhat broader application, 
since it may apply equally well to establishment of the fix when more than two 
lines of position are available. 

1706. Advancing and retiring lines of position.—For a stationary observer, 
lines of position resulting from observations made at different times are equally 
applicable without adjustment. However, for a moving observer, as one aboard a 
vessel underway at sea, any line of position (except a course line) applies only to the 
position at the time of observation. If lines resulting from observations made at 
different times are to be utilized for determining position, they should be adjusted 
for the motion of the observer between observations. 

A line of position resulting from observation of a celestial body can be advanced 
or retired in the same manner as other lines of position (art. 1010), by selecting any 
point associated with the line of position and running it forward or backward by 
dead reckoning, or by estimate. For most accurate results, the best estimate of 
course. and speed made good (over the bottom) between the time of observation and 
the time to which the line is to be adjusted should be used. Any error in determin- 
ing these values is reflected in the adjusted line of position. However, error in speed 
does not affect the accuracy of an adjusted course line, nor does error in course 
introduce an appreciable error in the accuracy of an adjusted speed line. The time 
label of an adjusted line of position includes both the time of observation and the 
time to which the line is adjusted. 

As in the case of a line of position resulting from observation of the bearing of 
an identifiable, charted object (art. 1004), the number of lines on the chart can be 
kept to a minimum, reducing the possibility of confusion, by adjusting the point 
from which the line is drawn. In the case of celestial navigation, this is the assumed 
position. This method applies equally well to all observations, and avoids some 
possible difficulty which might arise in advancing a line of position nearly parallel 
to the course line. When the AP is advanced or retired, the initial line of position 
need not be drawn unless it serves some useful purpose. 

1707. The fix.—The common intersection of two or more lines of position 
constitutes a fix, regardless of the source of the position lines, provided only that 
the lines are based upon simultaneous observations. Celestial observations are 
seldom simultaneous because all sights of a group are customarily taken by a single 
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observer, usually the navigator. If observations are made a few minutes apart (a 
round of sights), as during a twilight period, all lines are adjusted to a common 
time, and the position is considered a fix, rather than a running fix. Many naviga- 
tors advance earlier lines to the time of the last observation, and consider the fix 
applicable at this time, as shown in figure 1707a. An alternative procedure, which is 
gaining in acceptance, is to advance earlier sights and retire later ones to an 
intermediate time, either the time of the mid observation or a convenient time 
during the period of observation, such as a whole, half, or quarter hour. This results 
in a more accurate and convenient time of the fix. In figure 1707b the lines of 
figure 1707a are adjusted to a common time at a whole hour. With any procedure, 
the time of the fix is the common time to which the lines of position are adjusted. 

In figures 1707a and 1707b the assumed positions are typical of those which 
might be used with a modern method of sight reduction such as Pub. No. 229 (ch. 
XX). Any position in the vicinity might be used. If the dead reckoning (or estimated) 


AF, AP, AP, 


Ficure 1707a.—A fix obtained by advancing earlier lines of position to the time of the last observation. 


FicurE 1707b.—A fix obtained by adjusting the lines of position of figure 1707a to a convenient time 
during the period of observation. 
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position at the time of each observation is used as the assumed position for that 
sight, all sights are plotted from the DR position (or EP) at the time for which the 
fix is desired. If the same AP is used for all sights, the advanced or retired AP’s are 
along a straight line extending in the direction of the course line, the AP corre- 
sponding to the earliest observation being farthest advanced along this line, and 
others progressing along it in a direction opposite to that of the course. If there is 
any change of course or speed between observations, this should be considered in 
advancing or retiring a line of position, as it would in running forward the dead 
reckoning. Under normal conditions, lines of position adjusted for a short interval 
to obtain a fix are moved by dead reckoning, without separate allowance for 
current. 


Two lines of position provide a fix, but when additional celestial bodies are 
available, it is good practice to observe them. Additional lines serve as a check on 
the accuracy of the first two, and should decrease the error of the fix. However, the 
increased accuracy of a fix resulting from a number of lines of position, over that 
resulting from only two, is not great under normal conditions, and the principal 
reason for the additional observations is the increased confidence the navigator has 
in the reliability of his fix. 

In selecting bodies for observation, one should generally consider azimuth 
primarily, and such factors as brightness, altitude, etc., secondarily. Individual 
circumstances, however, may dictate departures from this procedure. During twi- 
light, when skies are clear and the entire horizon is good, one generally has ample 
choice of bodies to observe. It is good practice to make several more observations 
than the minimum considered acceptable, so that additional lines of position will be 
available, if needed, to resolve possible ambiguities or confirm doubtful results. 

Sights need not be solved in the order taken. During evening twilight the 
brightest bodies should be observed first, as soon as they can be “brought down” 
successfully to the horizon. During morning twilight the reverse is true, the dimmer 
stars being observed while they are still visible. However, with advance planning, 
one can include in the list of bodies to be observed those which should provide the 
best fix. 

If all observations were precisely correct, in every detail, the resulting lines of 
position would meet at a point. However, this is rarely the case. Three observations 
generally result in lines of position forming a triangle. If this triangle is not more 
than two or three miles on a side under good conditions, and five to ten miles under 
unfavorable conditions, there is normally no reason to suppose that a mistake has 
been made. Even a point fix, however, is not necessarily accurate. An uncorrected 
error in time, for instance, would move the entire fix eastward if early and west- 
ward if late, at the rate of 1’ of longitude for each 4° of error in time. 

With two or four observations, the ideal is to have them crossing at angles of 
90°. With three observations, the ideal is angles of 60°. With three observations it is 
good practice to observe bodies differing in azimuth by 120°, as nearly as possible. 
This provides lines of position crossing at angles of 60°, and, in addition, any 
constant error in altitude is eliminated, serving only to increase or decrease the size 
of the triangle, but not affecting the position of its center. If the azimuths differ by 
60° (or the azimuth spread is less than 180°), a large constant error in altitude 
would result in a fix outside the triangle, as shown in figure 1707c. With lines of 
position crossing at 60°, the assumed constant error for a fix outside the triangle is 
three times that for a fix inside the triangle. With four bodies, azimuths differing 
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FIX 


FIX 


Ficure 1707c.—A fix from three lines of position, assuming a constant error in altitude. If all lines are 
moved away (in this case) from the bodies observed, they would meet in a point which might be 
either inside (left) or outside (right) the triangle. 


by 90° produce a box fix, with constant error eliminated by using the mid point as 
the fix. With more than four observations, the selection of the fix becomes more 
complex, and general rules are probably undesirable. The evaluation of each obser- 
vation and the exercise of judgment become of greater importance. Whatever the 
number of observations, common practice, backed by logic, is to take the center of 
the figure formed unless there is reason for deviating from this procedure. By 
“center” is meant the point representing the least total error of all lines considered 
reliable. With three lines of position, the center is considered that point, within the 
triangle, which is equidistant from the three sides. It may be found by bisecting the 
angles, but more commonly it is located by eye. If a fix outside the triangle is to be 
used, and eye interpolation is not considered sufficiently reliable, the point can be 
found by bisecting two external angles and the internal angle at the third intersec- 
tion. If a constant error is assumed, the most probable position of the fix can always 
be found, whether within or outside the triangle, by bisecting the angle formed by 
azimuth lines originating at each intersection. 

1708. A running fix (R FIX), in celestial navigation, is a position obtained by 
observations separated by a considerable time interval, usually several hours. The 
usual occasion for a running fix is the availability of a single celestial body for 
observation, generally the sun. The delay between observations is usually to permit 
the azimuth to change sufficiently to provide a good angle of cut between lines of 
position. Thus, the sun may be observed about 0900, and again about noon. 

Generally, a longer wait results in a more nearly perpendicular intersection of 
the two lines of position, but it may also increase the error of the advanced line. 
The earlier line is advanced for the course and distance made good. The ability with 
which these can be predicted determines the accuracy of the running fix, assuming 
accurate observation, sight reduction, and plotting. For this reason it is impractical 
to set a specific time limit upon the advancement of a line of position. This should 
be determined by the conditions of each situation, in the best judgment of the 
navigator. Experience is valuable in acquiring such judgment. 
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When an observation of a single body is made, with the intent of later advanc- 
ing it to obtain a running fix with a second observation, the line of position should 
be plotted for the time of observation, regardless of the method used for advancing 
it, for the single line usually provides some useful information, as indicated in 
article 1704. 

Allowance for current, when advancing a line of position, can be made by 
solving a vector diagram, as indicated in article 807, to determine the course and 
speed made good. An alternative method is to advance the AP or line without 
allowance for current, and then to advance it a second time in the direction of set of 
the current, for a distance equal to the drift multiplied by the number of hours 
between the time of observation and the time to which the line is advanced. This 
method is illustrated in figure 1708a. The distance AB is equal to the distance 
between the 0800 and 1152 DR positions. The direction BC is the estimated set of 
the current, and the length BC is the distance through which the current is 
assumed to act. 

A third method provides accurate results even when a reliable estimate of the 
current is not available, provided (1) a good fix was obtained several hours before 
the time of observation, and (2) the average current between the time of the 
previous fix and the time of observation can be assumed to continue until the time 
to which the line is to be advanced. This method is illustrated in figure 1708b. The 
0510 fix is shown at the left, and the DR positions at 0830 and 1215, the ship being 
on course 074°, speed 12 knots. The sun is observed at 0830 and again at 1215, and 
it is desired to advance the earlier line to obtain a running fix at 1215. The lines of 
position at 0830 and 1215 are plotted. To advance the 0830 line of position, the 
distance AB is assumed to increase uniformly with time interval from 0510. The 
interval to 0830 is 3"20™, and that to 1215 is 7°05". Therefore, 


7°05" 


gno9m 


A'B'=ABX ABX2.1. 


The advanced line of position is drawn through B’, parallel to the original line 
through B. The running fix is at the intersection of the 1215 line and the advanced 
0830 line. 


Ficure 1708a.—Advancing a line of position with allowance for current, without determining 
course and speed made good. 
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1215 R FIX 


0510 


Figure 1708b.—Advancing a line of position without previous knowledge of the current. 


The set of the average current between 0510 and 0830 is the direction from A’ 
to the 1215 running fix, and the drift is equal to this distance divided by 7505". The 
direction of a straight line (not shown) from the 0510 fix to the 1215 running fix is 
the course made good between 0510 and 0830, and the length of this line divided by 
the time (7505™) is the speed made good to 0830. 

The points B and B’ need not be at the intersection of the lines of position and 
the course line. Any point on the line of position can be used, and the line A’B’ 
drawn parallel to AB. Changes of course and speed do not affect the accuracy of the 
solution as long as A’B’ is parallel to AB. 

Several other variations are possible. A convenient one is to measure the 
distance from the earlier fix to point B, and divide this by the time to determine an 
“assumed” speed (based upon the assumption that point B represents the position of 
the vessel at the time of observation), and then to use this speed to advance the line 
of position. This variation should not be used without adjustment if a change of 
course or speed is involved between the earlier fix and the time to which the line is 
to be advanced. 

This method should be used with caution. Any error in either the earlier fix or 
the first line of position is increased in proportion to the elapsed time. Thus, in 
figure 1708b, if AB is in error by one mile, A’B’ is in error by 2.1 miles. It should 
not be used when there is reason to Suspect a change in current between fixes. 

1709. Celestial navigation and dead reckoning.—As indicated in chapter VIII, 
dead reckoning consists of advancing a known position for courses and speeds. Some 
difference in technique arises from a difference of opinion among navigators on the 
definition of (1) “known position” and (2) courses and speeds. 

Regarding the first, no position determined by celestial navigation as commonly 
practiced at sea is known with perfect accuracy. An average error of two miles is 
realistic. Because of the varying conditions encountered, it is difficult to establish 
limits of a “known” position. In general, however, a reasonably reliable fix or 
running fix is considered sufficiently accurate to justify a new start in the dead- 
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reckoning. An estimated position or a fix or running fix of doubtful accuracy is 
considered an indication, but an inconclusive one, of the error in the dead reckon- 
ing. Therefore, it is considered good practice to avoid starting a new dead reckoning 
track from such a position unless there is a compelling reason for doing so. After 
long experience and the development of sound judgment, a navigator might acquire 
great skill in establishing a most probable position of sufficient reliability to justify 
more frequent breaks in the continuity of the dead reckoning, but even under these 
conditions any reasonable element of doubt should be given great respect. 

What has been said regarding “known position” applies, also, in large measure 
to course and speed. The course steered and the speed at which a ship is being 
driven forward by its engines can be determined with relatively little error. Allow- 
ance for wind and current is a matter largely of judgment based upon experience. If 
the dead reckoning is to be meaningful, considerable caution should be exercised in 
allowing for wind and current when determining the course and speed to use for 
plotting. In the absence of information of a high degree of reliability, it is consid- 
ered prudent to determine dead reckoning without allowing for estimated effects of 
wind and current. 

In the absence of better information, then, it is considered good practice to start 
a new dead reckoning track only from a reliable fix or running fix, and to use 
courses and speeds without allowance for wind and current. This does not mean, 
however, that the navigator should not continually be aware of the possibility of 
error in his position as determined by dead reckoning, nor should he fail to make 
an estimate of the size and direction of the error. In this ability, and that of 
accurately interpreting all navigational information received, lies the test of a good 
navigator. This is largely the art of navigation, as distinguished from the somewhat 
mechanical process of making observations and computing and plotting the results, 
and also from the science of devising the aids that are used in modern navigation. 

When it is desired to determine “average current,” this expression being used 
to mean the resultant of all dead reckoning errors, the dead reckoning should be 
run forward from a fix (not a running fix) to the time of the next fix (or running fix 
if the method of art. 1708 is used). A dead reckoning position determined in any 
other way is not usable, unless it is adjusted to provide a “no-current” position. A 
straight line connecting such a dead reckoning position and the fix at the same 
time indicates the current. The direction of the line from the DR position to the fix 
is the set of the current, and the length of this line divided by the number of hours 
since the last fix is the drift, as in piloting. 


Problems 


A Position Plotting Sheet such as chart 969, covering latitudes 27° to 30° north 
and south is needed for most of the problems of this chapter. If this is not available, 
one can be constructed by means of table 5, as explained in article 307; or small 
area plotting sheets can be constructed as explained in article 324. 

1703a. In each of the following, determine the altitude intercept, a, and label it 
T or A, as appropriate: 

He Ho 
(1) 18°21°4 18°25/9 
(2) 53°02°7 52°3515 
(3) (ce)005a2 Wel ongd 
(451622021061 0°01/1 


Answers.—(1) a 4.5 T, (2) a 27.2 A, ) a orAs(Ayaic.. 
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1703b. The 0930 DR position of a ship is lat. 29°20°4N, long. 130°25/2W. At this 
time the navigator observes the sun, and computes Hc and Zn for the 0930 DR 
position, as follows: Hc 45°42'9, Ho 45°50/2, Zn 157°3. As a check, he also solves the 
same sight for an assumed position of lat. 29°00/0N, long. 130°30/0W, with the 
following results: He 46°00/0, Zn 157°0. 

Required.—Plot the two lines of position, and account for the result. 

Answer.—The two lines of position plot as approximately the same line, which 
is not dependent upon the assumed position, but only upon the observed altitude 
and the time of observation. 

1705a. The 0500 fix of a ship is lat. 27°10/0N, long. 142°55/5W. The ship is on 
course 068°, speed 9 knots. At 0800 the navigator observes the sun, with the 
following results: 


a 6.6T aL 27°00/0N 
Zn 105°0 an 142°39/1W 


The current since the morning fix is estimated to set 130°, at a drift of 1.4 knots. 

Required.—(1) The 0800 DR position. 

(2) The 0800 EP if there were no observation, and no current was anticipated. 

(3) The 0800 EP using the current, if there were no observation. 

(4) The 0800 EP using the line of position, but not the current. 

(5) The 0800 EP using all available information. 

Answers.—(1) 0800 DR: L 27°20/0N, A 142°27 :2W; (2) 0800 EP without current 
and line of position: L27°20/0N, 2 142°27/2W; (8) 0800 EP with current but no line 
of position: L 27°17/4N, d 142°23/5W; (4) 0800 EP with line of position but no 
current: L 27°19/5N, A 142°25/ 3W; (5) 0800 EP with current and line of position: L 
27°18°7N, A 142°25/8W. 

1705b. The 0530 fix of a ship is lat. 28°55/8N, long. 161°51/7E. The ship is on 
course 060°, speed 10 knots: At 0830 the navigator observes the sun, with the 
following results: 


a 6.7A aL 29°00/0N 
Zn 110°0 ah162°28/9E 


Required.—(1) The 0830 EP if the course is believed to have been made good, 
and the line of position is considered accurate. 

(2) The 0830 EP if the Speed is believed to be correct, and the line of position is 
considered accurate. 

(3) The 0830 EP if the course and speed are considered of equal reliability, and 
the line of position is considered accurate. 

(4) The 0830 EP if the course is of questionable accuracy, but considered more 
reliable than the speed, and the line of position is considered accurate. 

(5) The 0830 EP if the speed is of questionable accuracy, but considered more 
reliable than the course, and the line of position is considered accurate. 

(6) The 0830 EP if the course is believed to have been made good, and the error 
contributed by the uncertainty of the line of position is believed to be twice that 
contributed by the uncertainty of the speed. 

Answers.—(1) 0830 EP: L 29°13'5N, A 162°26'3E; (2) 0830 EP: L 29°06/5N, A 
162°23/6E; (3) 0830 EP: L 29°09/ 8N, A 162°25/0E; (4) 0830 EP: any place between (1) 
and (3); (5) 0830 EP: any place between (2) and (3); (6) 0830 EP: L 29511 £4.New X, 
162°22'8E. 

1707a. At 1740 the navigator and two assistants observe simultaneously three 
stars, with the following results: 


Fomalhaut 
28°10/3 
28°05/3 
210°0 
28°00/0N 
42°31/7W 


Required.—The 1740 fix. 
Answer.—1740 fix: L 28°06/6N, A 42°30/5W. 
1707b. The 1800 DR position of a ship is lat. 27°02/2N, long. 170°17'0W. The 
ship is on course 045°, speed 14 knots. During evening twilight the navigator 
observes three stars, with the following results: 


Dubhe 


1815 
34°45/2 
84°51/3 
33175 
27°00/0N 
170°10/2W 


Required.— The 1830 fix. 
Answer.—1830 fix: L 27°11/5N, A 170°00/5W. 
1707c. The 1930 DR position of a ship is lat. 29°10°5S, long. 122°35'4W. The 
ship is on course 320°, speed 16 knots. During evening twilight the navigator 


observes a planet and two stars, with the following results: 


Saturn 


1931 
46°58/5 
46°55/5 
023°5 
29°0070S 
122°55/0W 


Required.—The 1942 fix. 
Answer.—1942 fix: L 29°05/38, A 122°47/4W. 
1707d. The 0500 DR position of a ship is lat. 29°53/9N, long. 69°32'1W. The ship 
is on course 130°, speed 13 knots. During morning twilight the navigator observes a 
planet and two stars, with the following results: 


Mars 


0451 

iy ile eal 
17°2415 
130°1 
30°00/0N 
69°41/7W 


Required.—The 0500 fix. 
Answer.—0500 fix: L 29°54/0N, A 69°30/5W. 


1707e. The 0930 DR position of a ship is lat. 28°40’ 
speed 25 knots. The navigator obs 


ship is on course 220°, 
om the DR position at the time of sight, with the following 


and solves each sight fr 


results: 
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Deneb 
34°59/6 
35°05/6 
308°7 
28°00/0N 
42°29/0W 


Altair 


1821 
2271178 
22°15 7 
090°3 
27°00/0N 
170°05/0W 


Regulus 


1942 
53°04/0 
53°09°3 
170°2 
29°00/0S 
122°45/1W 


Kochab 


0502 
38°26/2 
38°19/2 
Shae 
30°00/0N 
69°30/0W 


AT5 


Aldebaran 
39°52/8 
39°46/8 
089°3 
28°00/0N 
42°23/2W 


Spica 


1830 
47°24/8 
47°20°4 
219°9 
27°00/0N 
169°54‘8W 


Rigil Kent. 


1951 
24°19°5 
24°30/0 
297°6 
29°00/0S 
122°35/2W 


Spica 


0511 
33°35.2 
33°47/8 
237°9 
30°000N 
69°18/3W 


AN, long. 125°30'.4E. The 
erves the sun and moon, 
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Sun Moon 
Time 0936 0943 
He 54°24/3 37°07/9 
Ho 54°26/3 37°14/7 
Zm 200°2 142°6 


Required.—The 0943 fix. 

Answer.—0943 fix: L 28°32/1N, > 125°32/3E. 

1707f. A ship is on course 314°, speed 24 knots. During evening twilight the 
navigator observes two stars and the moon, and solves all three sights using 
assumed latitude 28°00'0S, assumed longitude 41°19’5W as the AP, with the follow- 
ing results: 


Peacock Moon Alpheratz 
Time 1855 1900 1905 
Heo (212.6 66°58/2 23°00/5 
Ho 57°17 79 67°01/2 22 oa 
Zn 194°7 300°5 038°2 


Required.—The 1900 fix. 

Answer.—1900 fix: L 28°03/5S, A 41°26/5W. 

1707g. The 0400 DR position of a ship is lat. 27°01‘8N, long. 51°36/0E. The ship 
is on course 037°, speed 20 knots. At 0545 the course is changed to 309°. During 
morning twilight the navigator observes two stars, with the following results: 


Vega Alpheratz 
Time 0537 0602 
a or 7.8T 
Zn 300°5 07527 
aL 27°00/0N 27°00/0N 
ad 51°456/2E 51°50/1E 


Required.—The 0602 fix. 

Answer.—0602 fix: L 27°28/1N, A 51°51/1E. 

1707h. The 0600 DR position of a ship is lat. 27°50/3N , long. 20°58/2W. The ship 
is on course 000°, speed 20 knots. During morning twilight the navigator observes 
four stars, with the following results: 


Dubhe Kaus Aust. Spica Vega 
Time 0551 0554 0558 0604 
He 29°01/1 21°57/8 37°59/4 54°33/1 
Ho 28°53/4 22°11 38°03/5 54°2815 
Zn 330°0 149°7 Pe) UY ies: 
aL 28°00/0N 28°00/0N 28°00/0N 28°00/0N 
arn 20°54/6W 21°08/4W 20°56/7W 20°51/3W 


Required.—The 0600 fix. 

Answer.—0600 fix: L 27°53/5N, A 20°55/0W. 

1707i. The 1815 DR position of a ship is lat. 29°41'5S, long. 163°52’3W. The ship 
is on course 295°, speed 18 knots. During evening twilight the navigator observes 
three stars, with the following results: 
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Regulus 


1810 
45°18/6 
45°26/2 
040°2 
30°00/0S 
163°45/0W 


Pollux 


1815 
35°507 
36°03/4 
350°7 
30°00/0S 
163°49/8W 


ATT 


Aldebaran 


1821 
22°50/8 
22°57 07 
300°5 
30°00/0S 
163°54/0W 


Required.—(1) The 1815 fix, assuming random errors. 

(2) The 1815 fix, assuming a constant error. 

Answers.—(1) 1815 fix: L 29°47/2S, X 163°51/2W; (2) 1815 fix: L 29°51/4S, a 
163°50/6W. 

1708a. The 0830 DR position of a ship is lat. 29°25/4S, long. 9°34‘7E. The ship is 
on course 326°, speed 22 knots. The sun is observed during the morning, and again 
at 1200, with the following results: 


Sun Sun 
Time 0830 1200 
a 15.2A 28.4A 
Zn 062°3 169°5 
aL 29°00/0S 29°00/0S 
ad 9°37/0E 8°52/1E 


Required.—The 1200 running fix. 

Answer.—1200 R fix: L 28°31/6S, A 8°50/0E. 

1708b. The 0900 DR position of a ship is lat. 28°05/6N, long. 93°44‘ 0W. The ship 
is on course 220°, speed 20 knots, and is believed to be in a current with set of 110° 
and a drift of 1.5 knots. The sun is observed during the morning, and again at 1200, 
with the following results: 


Sun Sun 
Time 0900 1200 
at was2t 17.0A 
7-1 103.2 172°0 
aL 28°00/0N 27°00/0N 
ad 93°54/0W 94°38/9W 


Required.—The 1200 running fix. 

Ansiver__1200. 8 fix. ts. 27,19.8N, A 94:17.5W, 

1708c. The 0715 fix of a ship is lat. 28°28°9S, long. 81°14’8W. The ship is on 
course 120°, speed 15 knots. During the morning the sun is observed twice, with the 
following results: 


Sun Sun 
Time 0945 1200 
a 9.4A 0 
Zn 095°0 005°0 
aL 29°00/0S 29°00/0S 
anr 80°26/1W 80°11/2W 


Required.—(1) The 1200 running fix, allowing for current. 

(2) Set and drift of the current. 

(3) Course made good between 0715 and 0945. 

Answers.—(1).1200 R-fix: b.29°01-0S,, 0 80°00/2W; (2) set 049°, drift 1.1 kn.; (3) 
course made good 116°0. 

1708d. The 0500 fix of a ship is lat. 28°36/5N, long 143°22/0E. The courses and 
speeds during the morning are as follows: 


478 LINES OF POSITION FROM CELESTIAL OBSERVATIONS 


Time Course Speed 
0500 047° 24 kn. 
0600 102° 20 kn. 
0715 038° 16 kn. 
0845 _ 075° 19 kn. 
1000 030° 23 kn. 
1045 085° 25 kn. 


During the morning the sun is observed twice, with the following results: 


Sun Sun 
Time 0915 1200 
a 88A 20.0A 
Zn 125°0 191°7 
aL 29°00/0N 29°00/0N 
adn 144°44/8E 145°29/8E 


Required.—(1) The 1200 running fix, allowing for current. 

(2) Set and drift of the current. 

(3) Course and speed made good between fixes, assuming no change in current. 

Answers.—(1) 1200 R fix: L 29°20/0N, A 145°330E; (2) set 200°, drift 1.7 kn.; (3) 
course made good 070°, speed made good 17.7 kn. 

1709a. The 0400 DR position of a ship is lat. 27°41/8S, long. 64°54/0E. This 
position has been run forward from a fix at 1715 the previous evening. The ship is 
on course 215°, speed 19 knots, but at 0600 the course is changed to 125°. At 0715 a 
fix locates the ship at lat. 28°23’.0S, long. 65°04/3E. 

Required.—Set and drift of the current between fixes. 

Answers.—Set 073°, drift 1.0 kn. 

1709b. The 0500 fix of a ship is lat. 27°09/0N, long. 158°09/5W. The ship is on 
course 310°, speed 14 knots. At 1155 a running fix locates the ship at lat. 28°01/2N, 
long. 159°33/2W. A new dead reckoning plot is started from this position. At 1900 a 
star fix is obtained, locating the ship at lat. 28°57/8N , long. 160°54/9W. 

Required.—Set and drift of the average current between morning and evening 
fixes. 

Answers.—Set 167°, drift 1.2 kn. 


CHAPTER XVIII 


TIME 


1801. Introduction—Time serves to regulate affairs aboard ship, as it does 
ashore. But to the navigator, it has additional significance. It is not enough to know 
where the ship is, was, or might be located in the future. The navigator wants to 
know when the various positions were or can reasonably be expected to be occupied. 
Time serves as a measure of progress. By considering the time at which a ship 
occupied various positions in the past, and by comparing the speed and various 
conditions it has encountered with those anticipated for the future, the skillful 
navigator can predict with reasonable accuracy the time of arrival at various future 
positions. Time can serve as a measure of safety, for it indicates when a light or 
other aid to navigation might be sighted, and if it is not seen by a certain time, the 
navigator knows he has cause for concern. 

To the celestial navigator, time is of added significance, for it serves as a 
measure of the phase of the earth’s rotation. That is, it indicates the position of the 
celestial bodies relative to meridians on the earth. Until an accurate measure of 
time became available at sea, longitude could not be found. 

Very small intervals of time are used in certain electronic navigational aids, 
such as radar and Loran. 

Whatever the type of navigation, a thorough mastery of the subject of time is 
important to the navigator. 

The four independent base units of measurement currently used in science are 
length, mass, time, and temperature. It is true that, except for fields of science such 
as cosmology, geology, and astronomy, time interval is the more important time 
concept, and date (astronomical) is of much less importance to the rest of science. 
This is true because the “basic laws” of physics are differential in nature and only 
involve small time intervals. In essence, physical ‘Jaws’ do not depend upon when 
(.e., the date) they are applied. 

Based on these laws and extensive experimentation, scientists have been able to 
demonstrate that frequency can be controlled and measured with the smallest 
percentage error of any physical quantity. The frequency of a periodic phenomenon 
is the number of cycles of this phenomenon per unit of time (i.e., per second). The 
name of the unit of frequency is the hertz (Hz) and is identical to a cycle per 
second (cps). Since most clocks depend upon some periodic phenomenon (e.g., a 
pendulum) in order to “keep time,” and since one can make reliable electronic 
counters to count the “swings” of the periodic phenomenon, we can construct clocks 
with timekeeping accuracy (rate accuracy) equal to the accuracy of the frequency 
standard. Today’s most precise and accurate clocks incorporate a cesium atomic 
beam as the “pendulum” of the clock. 

1802. Clocks and timekeeping.—In early times, the location of the sun in the 
sky was the only reliable indication of the time of day. Of course, when the sun was 
not visible, one was unable to know the time with much precision. People developed 
devices (called clocks) to interpolate between checks with the sun. The sun was sort 
of a “master clock” that could be read with the aid of a sundial. An ordinary clock, 
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then, was a device used to interpolate between checks with the sun. The gain in 
accuracy of the different clock devices over a period of years is shown in figure 
1802. (Timekeeping has shown nearly 10 orders of magnitude improvement within 
the last 6 centuries with about 6 orders occurring within 70 years of the 20th 
century.) Thus, a clock could be a “primary clock” like the position of the sun in 
the sky, or it could be a secondary clock and only interpolate between checks with 
the primary clock or time standard. Historically, some people have used the word 
“clock” with the connotation of a secondary time reference, but today this usage 
would be too restrictive. 
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Figure 1802.—Progress in timekeeping accuracy. 


When one thinks of a clock, it is customary to think of some kind of pendulum 
or balance wheel, a group of gears, and a clock face. Each time the pendulum 
completes a swing, the hands of the clock are moved a precise amount. In effect, the 
gears and hands of the clock “count” the number of swings of the pendulum. The 
face of the clock, of course, is not marked off in the number of swings of the 
pendulum but rather in hours, minutes, and seconds. 

One undesirable characteristic of pendulum-type clocks is that no two clocks 
ever keep exactly the same time. This is one reason for looking for a more stable 
“pendulum” for clocks. In the past, the most stable “pendulums’’ were found in 
astronomy. Here one obtains a significant advantage because only one universe 
exists—at least for observation purposes, and time defined by this means is avail- 
able to anyone—at least in principle. Thus, one can obtain a very reliable time scale 
which has the property of universal accessibility. In this chapter, time scale (art. 
1804) is used to refer to a conceptually distinct method of assigning dates to events. 

In a very real sense, the pendulum of ordinary, present-day electric clocks is 
the electric current supplied by the power company. In the United States the power ~ 
utilities generally synchronize their generators to the National Bureau of Standards 
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(NBS) low frequency broadcast, WWVB. Thus, the right number of pendulum 
swings occur each day. Since all electric clocks which are powered by the same 
source have, in effect, the same pendulum, these clocks do not gain or lose time 
relative to each other; i.e., they run at the same rate. Indeed, they will remain 
fairly close to the time as broadcast by WWVB (+5 seconds) and will maintain the 
same time difference with respect to each other (+1 millisecond) over long periods 
of time. 

It has been known for some time that atoms have characteristic resonances or, 
in a loose sense, “characteristic vibrations.” The possibility therefore exists of using 
the “vibrations of atoms’ as pendulums for clocks. Presently, microwave resonances 
(vibrations) of atoms are the most precisely determined and reproducible physical 
phenomena that man has encountered. A clock which uses “vibrating atoms” as a 
pendulum will generate a time scale more uniform than even its astronomical 
counterparts. 

But due to intrinsic errors in any actual clock system, atomic clocks drift 
relative to other similar clocks. Of course, the rate of drift is much smaller for 
atomic clocks than the old pendulum clocks, but nonetheless real and important. 
The attribute of universal accessibility for atomic time is accomplished by coordina- 
tion between laboratories generating atomic time. 

1803. Basic concepts of time.—One can use the word “time” in the sense of 
date. (By “date” we mean a designated mark or point on a time scale.) One can also 
consider the concept of time interval or “length” of time between two events. The 
difference between these concepts of date and time interval is important and has 
often been confused in the single word “‘time.” 

The date of an event on an earth-based time scale is obtained from the number 
of cycles (and fractions of cycles) of the apparent sun counted from some agreed- 
upon origin. Similarly, atomic time scales are obtained by counting the cycles of a 
signal in resonance with certain kinds of atoms. 

The word “epoch” is sometimes used in a similar manner to the word “date.” 
However, dictionary definitions of epoch show gradations of meanings such as time 
duration, time instant, or a particular time reference point, as well as a geological 
period of time. Thus, epoch often simultaneously embodies concepts of both date 
and duration. Because of such considerable ambiguity in the word “epoch,” its use 
in this volume will be restricted to a time instant. 

Another aspect of time is that of simultaneity; i.e., coincidence in time of two 
events. For example, we might synchronize clocks upon the arrival of portable 
clocks at a laboratory. Here we iniroduce an additional term, synchronization, 
which implies that the two clocks are made to have the same reading in some 
frame of reference. Note that the clocks need not be synchronized to an absolute 
time scale. As an example, two people who wish to communicate with each other 
might not be critically interested in the date, they just want to be synchronized as 
to when they use their communications equipment. 

1804. Time seales.—A system of assigning dates to events is called a time scale. 
The apparent motion of the sun in the sky constitutes one of the most familiar time 
scales but is certainly not the only time scale. Note that to completely specify a 
date using the motion of the sun as a time scale, one must count days (i.e., make a 
calendar) from some initially agreed-upon beginning. In addition (depending on 
accuracy needs) one measures the fractions of a day (ie., “time of day’) in hours, 
minutes, seconds, and maybe even fractions of seconds. That is, one counts cycles 
(and even fractions of cycles) of the sun’s daily apparent motion around the earth. 
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1805. Fundamental kinds of time.—There are three fundamentally different 
kinds of time. These are time based on the rotation of the earth on its axis; time 
based on long term observations of the annual revolution of the earth around the 
sun; and time based on transitions in the atom. 

Time based on the rotation of the earth on its axis has several forms, all of 
which are related to each other by rigorous formulae or by appropriate tables. 
These forms are the various sidereal times, mean and apparent, and solar times, 
mean and apparent. 

Time defined by the daily rotation of the earth with respect to the equinox or 
first point of Aries is known as sidereal time. The sidereal time is numerically 
measured by the hour angle of the equinox, which represents the position of the 
equinox in the daily rotation. The period of one rotation of the equinox in hour 
angle, between two consecutive upper meridian transits, is a sidereal day; it is 
divided into 24 sidereal hours, reckoned from 0° at upper transit which is known as 
sidereal noon. The true equinox is at the intersection of the true celestial equator 
of date with the ecliptic of date; the time measured by its daily rotation is apparent 
sidereal time. The position of the true equinox is affected by the nutation of the 
axis of rotation of the earth; and the nutation consequently introduces irregular 
periodic inequalities into the apparent sidereal time and the length of the sidereal 
day. The time measured by the daily motion of the mean equinox of date, which is 
affected only by the secular inequalities due to the precession of the axis, is mean 
sidereal time. The maximum difference between apparent and mean sidereal times 
is only a little over a second, and its greatest daily change is a little more than a 
hundredth of a second. Because of its variable rate, apparent sidereal time is used 
by astronomers only as a measure of epoch; it is not used for time interval. Mean 
sidereal time is deduced from apparent sidereal time by applying the equation of 
equinoxes. 

Universal Time (UT) is a particular case of the measure known in general as 
mean solar time (art. 1808). Universal Time is the mean solar time on the Green- 
wich meridian, reckoned in days of 24 mean solar hours beginning with 0" at 
midnight. Universal Time and sidereal time are rigorously related by a formula so 
that if one is known the other can be found. The ratio of the mean solar day to the 
mean sidereal day is 1.0027379093, and the equivalent measures of the length of the 
day are: 


Mean sidereal day ......c.ccsccccccscesseccsssssssseoseoseees 23°56™04309054 of mean solar time 
Mean solatidayres..octs..2cnest cactus coe 24"03™56355536 of mean sidereal time. 


Universal Time, in principle, is determined by the average rate of the apparent 
daily motion of the sun relative to the meridian of Greenwich; but in practice the 
numerical measure of Universal Time at any instant is computed from sidereal 
time. 

Universal Time is the standard in the application of astronomy to navigation. 
Observations of Universal Times are made by observing the times of transit of 
stars. 

The Universal Time determined directly from astronomical observations is 
denoted UTO0. Since the earth’s rotation is nonuniform, corrections must be applied 
to UTO to obtain a more uniform time. This more uniform time is obtained by 
correcting for two known periodic motions. 

One motion, the polar motion (the motion of the geographic poles), is the result 
of the axis of rotation continuously moving with respect to the earth’s crust. The 
corrections for this motion are quite small (+15 milliseconds for Washington, D.C.). > 
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On applying the correction to UTO0, the result is UT1, which is the same as 
Greenwich mean time (GMT) used in celestial navigation. 

The second known periodic motion is the variation in the earth’s speed of 
rotation due to winds, tides, and other phenomena. As a consequence, the earth 
suffers an annual variation in its speed of rotation of about +30 milliseconds. 
When UT! is corrected for the mean seasonal variations in the earth’s rate of 
rotation, the result is UT2. 

Although UT2 was at one time believed to be a uniform time system, it was 
later determined that there are secular variations in the earth’s rate of rotation, 
possibly caused by random accumulations of matter in the convection core of the 
earth. Such accumulations would change the earth’s moment of inertia and thus its 
rate of rotation. 

The second fundamental kind of time, Ephemeris Time (ET), now known as 
dynamical time, is, by definition, a uniform time system. Ephemeris Time is the 
uniform measure of time defined by the law of dynamics and determined in princi- 
ple from the orbital motions of the planets, specifically the orbital motion of the 
earth as represented by Newcomb’s Tables of the Sun. Ephemeris Time is the 
measure of time in which Newcomb’s Tables of the Sun agree with observation. 
Ephemeris Time is time based on the ephemeris second defined as 1/31556925.9747 
of the tropical year for 1900 January 0°12" ET. The ephemeris day is 86,400 
ephemeris seconds. The ephemeris second is a fundamental invariable unit of time. 

The Ephemeris Time at any instant is obtained from observation by directly 
comparing observed positions of the sun, moon, and planets with gravitational 
ephemerides of their coordinates; observations of the moon are most effective and 
expeditious for this purpose. Ephemeris Time is used by astronomers in the funda- 
mental ephemerides of the sun, moon, and planets, but is not used by navigators. 

The third fundamental kind of time, Atomic Time (AT), is based on transitions 
in the atom. 

The basic principle of the atomic clock is that electromagnetic waves of a 
particular frequency are emitted when an atomic transition occurs. The frequency 
of the cesium beam atomic clock was found to be 9,192,631,770 cycles per second of 
Ephemeris Time in an experiment conducted jointly by the National Physical 
Laboratory, Teddington, England, and the U. S. Naval Observatory during 1955- 
1958. 

In 1967 the atomic second was defined by the Thirteenth General Conference 
on Weights and Measures as the duration of 9,192,631,770 periods of the radiation 
corresponding to the transition between two hyperfine levels of the ground state of 
the cesium atom 133. This value was established to agree as closely as possible with 
the ephemeris second. Thus, the atomic second became the unit of time in the 
International System of Units (SI). 

UT2 and Al, the atomic time scale established by the U. S. Naval Observatory 
in 1958, were identical on January 1, 1958. To the accuracy currently available, Al 
and ET differ only by a constant such that ET—A1=82518. 

The advent of atomic clocks, which have accuracies better than 1 part in 10”, 
led in 1961 to the coordination of time and frequency emissions of the U. S. Naval 
Observatory and the Royal Greenwich Observatory. The master oscillators control- 
ling the signals were calibrated in terms of the cesium standard (Al) and correc- 
tions determined at the U. S. Naval Observatory and the Royal Greenwich Observa- 
tory were made simultaneously at all transmitting stations. Because of the diver- 
gence of the astronomical and atomic time scales due to the unpredictable vari- 
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ations in the earth’s rotation, the time emissions were adjusted by applying a 
frequency offset to the oscillator so that the rate defined by the timing pulses was 
in general agreement with UT2. If, in spite of this, the departure of the time signals 
from UT2 became unacceptable, the epoch of the signals was adjusted by 100 
millisecond steps. These adjustments kept the transmitted time synchronized with 
the rotation of the earth within a tolerance of 031. This system became known as 
Coordinated Universal Time (UTC) and was accepted by many authorities following 
its formal recommendation in 1961 by the International Astronomical Union (IAU) 
and in 1963 by the International Radio Consultative Committee (CCIR), a committee 
of the International Telecommunications Union (ITU) which controls international 
coordination of time signal transmission. 

In February 1970 at the Plenary Assembly of the ITU, it was agreed that 
commencing January 1, 1972, the use of frequency offsets would be discontinued 
and that all time signal transmissions would be based strictly on the internationally 
adopted definition of the second. The ITU also agreed that the coordinated time 
transmission based on the atomic second be maintained in approximate agreement 
with UT1 by stepping the transmitted time one whole second whenever necessary. 

In accordance with the implementation resolutions of the IAU, the new system 
was inaugurated January 1, 1972, using the second defined in terms of an Interna- 
tional Atomic Time (TAI) scale (art. 1806) as the unit of time and UTI as the 
astronomical reference, Beginning at this time, UTC was then maintained in ap- 
proximate agreement with UT1 by step adjustments (leap seconds) as directed by 
the Bureau Internationale de l’Heure (BIH). 

At the end of 1971, before the new system was inaugurated, there was a 
difference of almost 10 seconds between TAI and UTC. In order that this difference 
be an integral number of whole seconds (in this case 105) a special negative adjust- 
ment of approximately 0.108° was made in accordance with BIH directive so that 
the reading on the UTC scale was 1 January 1972, 00"00™00* at the instant the TAI 
scale was 1 January 1972, 00500™10s. 

1806. International Atomic Time (TAI) scale.—In October 1971, the General 
Conference on Weights and Measures endorsed the Bureau Internationale de 
l’Heure (BIH) atomic time scale as the International Atomic Time (TAI) scale 
defined as follows: 

“International Atomic Time is the time reference coordinate established by the 
Bureau Internationale de l’Heure on the basis of the readings of atomic clocks 
functioning in various establishments in accordance with the definition of the 
second, the SI Unit (International System of Units) of time.” 

The Atomic Time (AT) scales maintained in the United States by the National 
Bureau of Standards and the U. S. Naval Observatory constitute approximately 
37% percent of the stable reference information used in maintaining a stable TAI 
scale by the BIH. 

1807. Time interval and time scales.—One should note sources of confusion 
which can exist in the measurement of time and in the use of the word “second.” 
Suppose that two events occurred at two different dates. For example the dates of 
these two events were 15 December 197 0, 15°30™003000000 UTC and 15 December 
1970, 16830™003000000 UTC. At first thought one would say that the time interval 
between these two events was exactly 1 hour=3600.000000 seconds, but this is not 
true. (The actual interval was longer by about 0.000108 seconds [3600 seconds 
x 800 x 10—7°]. Refer to table 1807.) Recall that the UTC time scale (like all the UT 
scales and the ET scale) was not defined in accordance with the definition of the 
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interval of time, the second. Thus, one cannot simply subtract the dates of two 
events as assigned by the UTC scale (or any UT scale or the ET scale) in order to 
obtain the precise time interval between these events. Historically, the reason 
behind this state of affairs is that navigators need to know the earth’s position (i.e., 
UT1)—not the duration of the second. Yet, many scientists need to know an exact 
and reproducible time interval. Note that this might also be true of the new UTC 
system if the particular time interval included one or more leap seconds. 

It is also confusing that the dates assigned by the UT, ET, and UTC scales 
involve the same word as the unit of time interval, the second. For accurate and 
precise measurements, this distinction can be extremely important. 
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TaBLE 1807.—Frequency offsets of UTC from 1960 to 1972. 


1808. Solar Time.—The basis of time measurement in celestial navigation is the 
period of rotation of the earth. This period is not quite constant; it is subject to 
variations which may reach a few milliseconds per day. These variations will be 
disregarded initially; the earth will be conceived as rotating at a constant rate. 

The earth’s rotation causes the sun and other celestial bodies to appear to cross 
the sky from east to west each day. If a person located on the earth’s equator 
measured the time interval between two successive transits overhead of a very 
distant star, he would thereby measure the period of the earth’s rotation. If he then 
made similar measurements on the sun instead of a star, he would obtain a result 
about 4 minutes longer than before. This difference is due to the earth’s motion 
around the sun, which continuously changes the apparent place of the sun among 
the stars. Thus, during the course of a day the sun appears to move a little to the 
east among the stars so that the earth must rotate on its axis through more than 
360° in order to bring the sun overhead again. Of course this apparent eastward 
movement of the sun cannot be observed directly. 

If the sun is on the observer’s meridian when the earth is at point A (fig. 1808) 
in its orbit around the sun, it will not be on the observer’s meridian after the earth 
has rotated through 360° because the earth will have moved along its orbit to point 
B. Before the sun is again on the observer’s meridian, the earth must turn still 
more on its axis. The sun will be on the observer’s meridian again when the earth 
has moved to point C in its orbit. Thus, during the course of a day the sun appears 
to move eastward with respect to the stars. 
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Ficure 1808.—Apparent eastward movement of the sun with respect to the stars. 


Even if the earth did not rotate on its own axis, the sun would rise and set once 
during the year because of the earth’s orbit around it. The stars, however, are not 
within the earth’s orbit. Since they are generally more than a million times as 
distant as the sun, their apparent positions are only very slightly affected by the 
earth’s orbital motion. The apparent positions of the stars are commonly reckoned 
with reference to an imaginary point called the vernal equinox, which is the 
intersection of the celestial equator and the ecliptic. The sun is at the vernal 
equinox at the beginning of spring, when it passes over the equator on its apparent 
journey northward. The period of the earth’s rotation measured with respect to the 
vernal equinox is called a sidereal day. The period with respect to the sun is called 
an apparent solar day. 

With the sun moving eastward among the stars so that the difference between 
the apparent solar and sidereal day is about 4 minutes of time, on any night a star 
will rise about 4 minutes earlier than on the previous night. Thus, the celestial 
sphere appears to shift westward about 1° each night. The complete shift through 
360° is associated with the year, the period of one revolution of the earth around 
the sun. By the calendar, one year is 365 days duration for a common year and 366 
days for a leap year. A leap year is any given year divisible by 4, unless it is a 
century year, which must be divisible by 400 to be a leap year. Thus, 1900 was not a 
leap year, but 2000 will be. This calendar, now in general use, is called the 
Gregorian calendar. 

When measuring time by the rotation of the earth, the time is apparent solar 
time if the apparent (real) sun is used as the celestial reference. 

Use of the apparent sun as a celestial reference for time results in time of 
nonconstant rate for at least three reasons. First, revolution of the earth in its orbit 
is not constant. Second, motion of the apparent sun is along the ecliptic, which is 
tilted with respect to the celestial equator, along which time is measured. Third, 
rotation of the earth on its axis is not constant. The effect due to this third cause is 
extremely small. 
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For the various forms of mean solar time, the apparent sun is replaced by a 
fictitious mean sun, conceived as moving eastward along the celestial equator at a 
uniform speed equal to the average speed of the apparent sun along the ecliptic, 
thus providing a nearly uniform measure of time equal to the approximate average 
apparent time. The speed of the mean sun along the celestial equator is taken as 
15° per hour of mean solar time. 

1809. Equation of time.—Mean solar time, or mean time as it is commonly 
called, is sometimes ahead of and sometimes behind apparent solar time (sundial 
time). The difference, which never exceeds about 1674, is called the equation of 
time (Eq. T.). 

By one convention, the equation of time is the time interval which must be 
added algebraically to the mean time to obtain apparent time. This convention is 
used here. 

In accordance with Kepler’s second law (art. 1407), the speed of the earth in its 
elliptical orbit around the sun varies with the changing distance between the two 
bodies. The earth moves faster at perihelion than it does at aphelion. Consequently, 
as seen from the earth the sun appears to move faster in January than it does in 
July. Even if the earth’s orbital speed were uniform, the hour angle of the sun 
would still change at a variable rate because the sun as observed from the earth 
appears to move in the plane of the ecliptic, which is inclined at an angle of about 
23°27’ to the plane of the celestial equator. 

In deriving the value of the equation of time it is simpler to consider the 
contributions of the ellipticity and obliquity of the apparent orbit of the sun about 
the earth separately. In considering the ellipticity and obliquity contributions sepa- 
rately, it is convenient to introduce a second fictitious sun. This second sun, known 
as the dynamical mean sun, is conceived to move eastward along the ecliptic at the 
average rate of the apparent (true) sun. The dynamical mean sun and the apparent 
sun occupy the same position when the earth is at perihelion (or the sun is at 
perigee when using the concept that the sun orbits the earth). The dynamical mean 
sun and the mean sun, or astronomical mean sun as it is sometimes called, occupy 
the same position at the time of the vernal equinox. 

That part of the equation of time due to the ellipticity of the orbit and known 
as the eccentricity component is the difference, in mean solar time units, between 
the hour angles of the apparent (true) sun and the dynamical mean sun. It is also 
the difference in the right ascensions of these two suns. That part of the equation of 
time due to the obliquity of the orbit is the difference in units of mean solar time, 
between the hour angles of the dynamical mean sun and the astronomical mean 
sun. It is also the difference in the right ascensions of these two suns. 

Figure 1809a illustrates the apparent orbit of the sun about the earth. In 
accordance with Kepler’s second law the radius vector sweeps through equal areas 
in equal time intervals. Therefore, the angular velocity of the true sun is greatest 
at perigee. With the true sun T and the dynamical mean sun D occupying the same 
position at perigee P around 1 January, following perigee the true sun moves ahead 
of the dynamical mean sun which is moving eastward along the ecliptic at the 
average rate of the true sun. The maximum separation of about 2° (8 minutes) 
occurs about 1 April. Because of Kepler’s second law, the dynamical mean sun and 
the true sun must be in coincidence again at apogee A about 1 July. The time for 
the true sun to move from perigee to apogee is equal to the time for the true sun to 
move from apogee to perigee. Since the dynamical mean sun moves at the average 
rate of the true sun, the time to complete the orbit of the ecliptic is equal to the 
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time required for the true sun to complete the same orbit. Since the line of apsides 
bisects the sun’s apparent orbit, it follows that the time required for the dynamical 
mean sun to complete half the orbit is the same as that required for the true sun to 
complete half the orbit. Therefore, the dynamical mean sun and the true sun 
occupy the same position at apogee. 


SHADED AREAS EQUAL. 
DYNAMICAL MEAN SUN (D) 

AND TRUE SUN (T) COINCIDENT 
AT APOGEE (A) AND PERIGEE (P). 


FicureE 1809a.—Apparent orbit of the sun about the earth. 


With the true sun and the dynamical mean sun occupying the same position at 
apogee and with the angular velocity of the true sun being least at apogee, follow- 
ing apogee the dynamical mean sun moves ahead of the true sun. The maximum 
separation of about 2° (8 minutes) occurs about 1 October. The two suns are again 
coincident at perigee about 1 January. 

The eccentricity component of the equation of time is shown in figure 1809b. 
The obliquity component of the equation of time can now be found by comparing a 
dynamical mean sun moving uniformly along the ecliptic with an astronomical 
mean sun also moving uniformly at the same rate in the plane of the celestial 
equator. 

With the dynamical mean sun and the astronomical mean sun coincident at the 
first point of Aries and each moving uniformly at the same rate along their 
respective paths, following the time of the vernal equinox the positions of the two 
suns are such that the celestial longitude of the dynamical mean sun equals the 
right ascension of the astronomical mean sun. As shown in figure 1809c, (D=°M. 
As is also shown in this figure, following the vernal equinox the right ascension of 
the astronomical mean sun is greater than the right ascension of the dynamical 
mean sun. Thus, during this period that part of the equation of time due to the 
obliquity of the orbit is a negative value. 

When the celestial longitude of the dynamical mean sun has increased to Ne 
the right ascension of the astronomical mean sun will also be 90°. At the time of 
the summer solstice, the hour circles of the two suns are coincident; the elevated 
pole, the ecliptic pole, and the two suns all lie on the same great circle. Therefore, 
at the summer solstice that part of the equation of time due to the obliquity of the 
orbit is zero. Halfway between the time of the vernal equinox and the summer 
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FiGurE 1809b.—Eccentricity component. 


solstice that part of the equation of time due to obliquity of the orbit reaches a 
maximum value of about 10 minutes. 

Following the summer solstice and until the time of the autumnal equinox, the 
right ascension of the dynamical mean sun is greater than that of the astronomical 
mean sun. At the autumnal equinox, the two suns are coincident. Following the 
autumnal equinox and until the time of the winter solstice, the right ascension of 
the astronomical mean sun is greater than that of the dynamical mean sun. At the 
winter solstice, the hour angles of the two suns are coincident, the elevated pole, 
the ecliptic pole, and the two suns all lie on the same great circle. Therefore, at the 
winter solstice that part of the equation of time due to the obliquity of the orbit is 
zero. Following the winter solstice and until the time of the vernal equinox, the 
right ascension of the dynamical mean sun is greater than the right ascension of 
the astronomical mean sun. 

Figure 1809d illustrates that part of the equation of time due to obliquity of the 
orbit. Figure 1809e illustrates the combining of the two parts. From inspection of 
the curve it can be seen that the equation of time is zero on or about 15 April, 14 
June, 1 September, and 24 December. The greatest value is about 16™225 in Novem- 
ber. 

1810. Expressing time.—As a measure of part of a day, time based upon the 
rotation of the earth can be stated in a number of different ways. At any given 
moment, the time depends upon (1) the point on the celestial sphere used as 
reference, (2) the reference meridian on the earth, and (3) the somewhat arbitrary 
starting point of the day. 

When the sun is used as the celestial reference point, solar time results. If the 
actual sun observable in the sky is used, apparent solar time is involved, and if a 
fictitious mean sun is used to provide a time having an almost constant rate, mean 
solar time results. Time reckoned by use of the first point of Aries (1°) as the 
celestial reference point is called sidereal time. Use of the moon as the celestial 
reference point provides a variable-length lunar day, the basis of lunar time, which 
is useful in tide prediction and analysis. Because of its application, a lunar day is 
sometimes called a tidal day. It averages about 24550™ (mean solar units) in length. 
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Figure 1809c.—Right ascensions of dynamical and astronomical mean suns. 


If the meridian of the observer is used as the terrestrial reference, local time is 
involved. If a zone or standard meridian is used as the time meridian for mean - 
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Ficure 1809e.—Equation of time curve constructed from eccentricity and obliquity components. 


solar time over an area, zone or standard time results. Use of a meridian farther 
east than would normally be used, so that the period of daylight is shifted later in 
the day produces a form of zone time called daylight saving or summer time. Time 
based upon the Greenwich meridian is called Greenwich time. Greenwich mean 
time (GMT) is of particular interest to a navigator because it is the principal 
entering argument for the almanacs. 

One complete revolution of the earth with respect to a celestial reference point 
is called a day. In modern usage every kind of solar time has its zero or starting 
point at midnight, when the celestial reference point is directly over the lower 
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branch of the terrestrial reference meridian. This has not always been so. Until 
January 1, 1925, the astronomical day began at noon, 12 hours later than the start 
of the calendar day of the same date. The nautical day began at noon, 12 hours 
earlier than the calendar day, or 24 hours earlier than the astronomical day of the 
same date. The sidereal day begins at sidereal noon, when the first point of Aries is 
over the upper branch of the reference meridian. There is no sidereal date. 

Time is customarily expressed in time units, from 0 through 24°. To the 
nearest 1™ it is generally stated by navigators in a four-digit unit without punctua- 
tion. Thus, 0000 is midnight at the start of the day. One minute later the time is 
0001. Half an hour after the start of the day the time is 0030, at one hour the time 
is 0100, at one hour and four minutes it is 0104, at 19 minutes after noon (solar 
time) it is 1219, at four hours and 23 minutes after (solar) noon it is 1623, etc. The 
term “hours” is sometimes used with the four-digit system to indicate that the 
number refers to the time or “hour” of the day. However, in those few occasions 
when any reasonable doubt may exist as to whether time is indicated, the fact can 
better be indicated in another way. Thus, the expression ‘1600 hours” to indicate 
“1600” or “16 hours” is not strictly correct, and is better avoided. Watch time (WT), 
indicated by a watch or clock having a 12-hour dial, and chronometer time (C) are 
expressed on a 12-hour basis, with designations am (ante meridian) and pm (post 
meridian), as in ordinary civil life ashore. 

In contrast, a time interval is expressed as hours and minutes, as 5®26™, When 
either the time of day or a time interval is given to seconds, this same form is used, 
as 21°15™18’. The kind of time may be indicated, usually by abbreviation. 

When a time interval is to be added to or subtracted from a time, the solution 
can be arranged conveniently in tabular form. 

Example 1.—What is the time and date 14536™53° after 21°14™185 on July 24? 

Solution.— 

21514™185 July 24 

14536™535 

35"51™11° July 24 
=11"51™11* July 25 


The fact that the sum of hours exceeds 24 is an indication that the date 
increases by one. Similarly, in subtracting an interval, the date is one day earlier if 
24" must be added to the time before the subtraction can be made. That is, since 
2400 of one day is 0000 of the following day, one might say that 2700 on one day is 
2700 —2400=0300 on the following day. In the example above, 11551™115 on July 25 
is the same as 11551™115 + 2450000 =35"51™115 on July 24. 

Date is sometimes expressed as an additional unit of the time sequence. Thus, 
21"14™18* on July 24 might be stated 24421514195 This system is of particular 
value when an interval of several days is to be added or subtracted. 

Example 2.—What is the time and date 9416»35™04s before 5"11™335 on Septem- 
ber 15? 

Solution.— 

15905511™33s 
9216"35™04s 
591236™29* or 12536™29* on Sept. 5. 


By this method the month and day, if of significance, are recorded separately, 
or they, too, can be added to the sequence. 
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; Example 3.—What is the time and date 8 years, 6 months, 25 days, 12 hours, 19 
minutes, and 44 seconds after 7°52™24 on November 14, 1958? 
Solution.— 


1958711™14907552™24s 
3°06™25912"19™44s 
1962%06™08220"12™08s= 20512™085 on June 8, 1962. 


Since a month may contain a variable number of days, both the months and days 
should be solved together. Thus, in the example above, the answer would be 17 
months, 39 days. If 12 months are converted to one year, this becomes five months, 
39 days. Since the fifth month is May, this might be stated as May 39. Since there 
are 31 days in May, this is 89—31=8 days into the next month, or June 8. 

A simpler method of determining the number of elapsed days between any two 
dates is to use the Julian day of each date, if the information is available. This also 
eliminates possible error due to change of calendar if long intervals are involved. 
The Julian day is the consecutive number of the day starting at 1200 on January 1, 
4718 BC. Julian day is listed in the Astronomical Almanac. 

1811. Time and are.—The time of day is an indication of the interval since the 
day began. One day represents one complete rotation of 360° of the earth with 
respect to a selected celestial point. Each day is divided into 24 hours of 60 minutes, 
each minute having 60 seconds. Thus, each day has 24x60=1,440 minutes or 
1,440 x 60=86,400 seconds. This is time regardless of the celestial reference point 
used, and since the various references are in motion with respect to each other, as 
“seen” from the earth, apparent solar, mean solar, and sidereal days are of differ- 
ent lengths. Since they all have the same number and kind of fractional parts, 
these parts are themselves of different length in the different kinds of time. Mean 
solar units are customarily used to indicate time intervals. The smallest unit 
normally used in celestial navigation is the second, but in some electronic equip- 
ment the millisecond (one-thousandth of a second), microsecond (one-millionth of a 
second), and the millimicrosecond or nanosecond (one-billionth of a second) are 
used. 

Time of day is an indication of the phase of rotation of the earth. That is, it 
indicates how much of a day has elapsed, or what part of a rotation has been 
completed. Thus, at zero hours the day begins. One hour later, the earth has turned 
through 1/24 of a day, or 1/24 of 360°, or 


360° 
co 1D 
24 


Six hours after the day begins, it has turned through 6/24=1/4 day, or 
360° 


4 


=90% 


Twelve hours after the start of the day, the day is half gone, having turned through 
180°. Smaller intervals can also be stated in angular units, for since 1 hour or 60 
minutes is equivalent to 15°, 1 minute of time is equivalent to 


15° 
60 


=O a20= 15, 
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and 1 second of time is equivalent to 


5! 
=0/25=15”". 
60 
Thus, . 
Time Arc 
14— 245— 360°=1 circle 
60™= 1h=15° 
4™— 1°—60’ 
60§= 1™=15’ 
45— ]’—60” 
1s=15”=0/25 


Any time interval can be expressed as an angle of rotation, and vice versa. Inter- 
conversion of these units can be made by the relationships indicated above. 
To convert time to arc: 
1. Multiply the hours by 15 to obtain degrees. 
2. Divide the minutes of time by four to obtain degrees, and multiply the 
remainder by 15 to obtain minutes of arc. 
3. Divide the seconds of time by four to obtain minutes and tenths of minutes of 
arc, or multiply the remainder by 15 to obtain seconds of arc. 
4. Add degrees, minutes, and tenths (or seconds). 
Example 1.—Convert 14521™395 to arc units. 
Solution.— 
(1) 14" x 15= 210° 
(2)21™> 4= 5°15’ (remainder 1™x 15=15’) 
(3) 39+ 4= 9'45” (remainder 3° x 15=45") 


(4) 14621398 = 215°24'45" —215°24'8 (to the nearest 0/1). 


To convert arc to time: 

1. Divide the degrees by 15 to obtain hours, and multiply the remainder by four 
to obtain minutes of time. 

2. Divide the minutes of arc by 15 to obtain minutes of time, and multiply the 
remainder by four to obtain seconds of time. 

3. Divide the seconds of arc by 15 to obtain seconds of time. 

4, Add hours, minutes, and seconds. 

Example 2.—Convert 215°24’45” to time units. 


Solution.— 
(1) 215° + 15= 14h209m (remainder 5° x 4=20™) 
(2) ae eel 1™365 (remainder 9’ x 4=365) 
@) 45? 2 Wn 35 


(4) 215°24'45” = 1452] mgQs 
Example 3.—Convert 161°53/7 to time units. 


Solution.— 
(1) 161° ~ 15=10544™ (remainder 11°x4=44™) 
(2) Stee 1S = 33458 (remainder 8/7 x 4 =34s8) 
(8) 161°53/7 = 10547™34s8 — 10547™355, 


The navigator should be able to make these solutions mentally, writing only 
the answer. As a check, the answer can be converted back to the original value. : 
Solution can also be made by means of arc to time tables in the almanacs. In the 
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Nautical Almanac the table, given near the back of the volume (app. F), is in two 
parts, permitting separate entries with degrees, minutes, and quarter minutes of 
arc. The table is arranged in this manner because the navigator is confronted with 
the problem of converting arc to time more often than the reverse. 


Example 4.—Convert 334°18'22” to time units, using the Nautical Almanac arc 
to time conversion table. 


Solution.— 
334° = 2251 6™ 
18/25=  1™138 
884°18'22” = 22517™138 


The 22” are converted to the nearest quarter minute of arc for solution to the 
nearest second of time. Interpolation can be used if more precise results are re- 
quired, since exact relationships are tabulated in the Nautical Almanac conversion 
table. 

Example 5.—Convert 83°29'6 to time units, using the Nautical Almanac arc to 
time conversion table. 

Solution.— 

83° = 58 32m 
29'6= 1™5884 
83°29/6= 5 33™5884 


In this solution, 5884 was obtained by eye interpolation in the quarter-minute part 
of the table. 
Example 6.—Convert 17509425 to arc units, using the Nautical Almanac arc to 
time conversion table. 
Solution.— 
1708" = 257° 
Ae 2525 
17809™ 428 = 257°25/5 


A similar table appears near the back of the Air Almanac (app. G); however, 
quarter minutes of arc are not included. 
Example 7.—Convert 334°47'2 to time units, using the Air Almanac arc to time 
conversion table. 
Solution.— 
334°— 180° =154°= 10°16™ 
AT 2 on 09® 
154°47/2= 10°19™095 
334°47/2 = 22519™095 
Example 8.—Convert 15'13™18* to arc units, using the Air Almanac arc to time 
conversion table. 
Solution.— 
1554272 1228% 
a oe 19/5 
15®13™ 18°= 228°19/5 


Because the almanac conversion tables are exact relationships, interpolation in 
them can be carried to any degree of precision desired without introducing an error. 
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1812. Time and longitude.—As indicated in the preceding article, time is a 
measure of rotation of the earth, and any given time interval can be represented by 
a corresponding angle through which the earth turns. Suppose the celestial refer- 
ence point were directly over a certain reference of the earth. An hour later the 
earth would have turned through 15°, and the celestial reference would be directly 
over a meridian 15° farther west. Any difference of longitude is a measure of the 
angle through which the earth must rotate for the local time at the western 
meridian to become what it was at the eastern meridian before the rotation took 
place. Therefore, places to the eastward of an observer have Jater time, and those to 
the westward have earlier time, and the difference is exactly equal to the difference 
in longitude, expressed in time units. When a meridian other than the local meridi- 
an is used as the time reference, the difference in time of two places is equal to the 
difference of longitude of their time reference meridians. 

1813. The date line.—Since time becomes later toward the east, and earlier 
toward the west, time at the lower branch of one’s meridian is 12 hours earlier or 
later depending upon the direction of reckoning. A traveler making a trip around 
the world gains or loses an entire day. To prevent the date from being in error, and 
to provide a starting place for each day, a date line is fixed by international 
agreement. This line coincides with the 180th meridian over most of its length. In 
crossing this line, one alters his date by one day. In effect, this changes his time 24 
hours to compensate for the slow change during a trip around the world. Therefore, 
it is applied in the opposite direction to the change of time. Thus, if a person is 
traveling eastward from east longitude to west longitude, time is becoming later, 
and when the date line is crossed, the date becomes 1 day earlier. That is, at any 
moment the date immediately to the west of the date line (east longitude) is 1 day 
later than the date immediately to the east of the line, except at GMT 1200, when 
the (mean time) date is the same all over the world. At any other time two dates 
occur, one boundary between dates being the date line, and the other being the 
midnight line along the lower branch of the meridian over which the mean sun is 
located. At GMT 1200 these two boundaries coincide. In the solution of problems, 
error can sometimes be avoided by converting local time to Greenwich time, and 
then converting this to local time on the opposite side of the date line. Examples 
are given in the following articles. 

1814. Zone time.—At sea, as well as ashore, watches and clocks are normally 
set approximately to some form of zone time (ZT). At sea the nearest meridian 
exactly divisible by 15° is usually used as the time meridian or zone meridian. 
Thus, within a time zone extending 7°5 on each side of each time meridian the time 
is the same, and time in consecutive zones differs by exactly one hour. The time is 
changed as convenient, usually at a whole hour, near the time of crossing the 
boundary between zones. Each time zone is identified by the number of times the 
longitude of its zone meridian is divisible by 15°, positive in west longitude and 
negative in east longitude. This number and its sign, called the zone description 
(ZD), is the number of whole hours that are added to or subtracted from the zone 
time to obtain Greenwich mean time (GMT), which is the zone time at the Green- 
wich (0°) meridian, and is often called Universal Time (UT). The mean sun is the 
celestial reference point for zone time. 

Example 1.—For an observer at long. 141°18/4W the ZT is 6518™24s. 

Required.—(1) Zone description. 

(2) GMT. 
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, Solution.—(1) The nearest meridian exactly divisible by 15° is 135°W, into 
which 15° will go nine times. Since longitude is west, ZD is (+) 9. 


ZT 618™24s 
ZD (+) 9 
(2) GMT 15618™24s 


In converting GMT to ZT, a positive ZD is subtracted, and a negative one 
added, but its sign remains the same, being part of the description. The word 
“reversed” (rev.) is written to the right in the work form to indicate that the 
“reverse” process is to be performed. 


Example 2.—The GMT is 15®27™095. 
Required.—(1) ZT at long. 156°24/4 W. 
(2) ZT at 39°04/8 E. 


Solution.— 
(1) GMT 15527™09s (2) GMT 15527™095 
ZD ee) 0 (rev.) en (—)) aes (rev.) 
ZT 5b27™095 ZT 18527™095 


When time at one place is converted to that at another, the date should be 
watched carefully. If a sum exceeds 24 hours, subtract this amount and add one 
day. If 24 hours are added before a subtraction is made, the date at the place is one 
day earlier. 

Example 3.—At long. 73°29/2 W the ZT is 21512™53° on May 14. 

Required.—(1) GMT and date. 

(2) ZT and date at long. 107°15'7 W. 


Solution.— 
ZT 21512™535 May 14 
ZD (+) 5 
(1) GMT 212™53§ May 15 
ZD (+) 7 (rev.) 
(2) ZT 1912™53* May 14 


The second part of this problem might have been solved by using the difference 
in zone description. Since the second place is two zones farther west, its time is two 
hours earlier. Problems involving zone times at various places generally involve 
nothing more than addition or subtraction of one small number, so solutions can 
generally be made mentally. However, when this forms part of a larger problem, or 
when a record of the solution is desired, the full solution should be recorded, 
including labels. 

Example 4.—On November 30 the 1430 DR long. of a ship is 51°32'4 W. Ten 
hours later the DR long. is 53°07‘2 W. 

Required.—ZT and date of arrival at the second longitude. 


Solution.— 
ZT 14380 Nov. 30 
ZD (+) 3 
GMT 1730 Nov. 30 
int. 10 
GMT 0330 Dec. 1 
7Dat (44> Siteve) 


ZT 


2330 Nov. 30 
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If a time zone boundary had not been crossed, there would have been no need 
to find GMT. It is particularly helpful to retain this step when the date line is 
crossed. This line is the center of a time zone, the western (east longitude) half being 
designated (—) 12, and the eastern (west longitude) half (+) 12. 

Example 5.—On December,31 the 0800 DR long. of a ship is 177°23/9E. Forty 
hours later the DR long. is 171°53/9 W. 

Required.—ZT and date of arrival at the second longitude. 


Solution.— 
Alternative solution 

ZT 0800 Dec. 31 ZT 31908"00™ 
ZDs %e=)nl2 ZD (—)12 

GMT 2000 Dec. 30 GMT 30220500™ 
int. 40 int. 14165 

GMT 1200 Jan. 1 GMT 1°12500™ 
Z) ees) elie Gev.) ZD (+4+)11 (rev.) 
Fi 0100 Jan. 1 ZT 1901200™ 


For certain communication purposes it is sometimes convenient to designate a 
time zone by a single letter. The system used is shown in figure 1814. 

Use of time zones on land began in 1883, when railroads adopted four standard 
zones for the continental United States. The division of the United States into time 
zones was not officially adopted by Congress, however, until March 19, 1918, when a 
fifth zone was also established for Alaska. The system of time zones is now used 
almost universally throughout the world, although on land the zone boundaries are 
generally altered somewhat for convenience. In a few places, half-hour zones are 
used but these are not standard time zones. 

On land, normal zone time is usually called standard time, often with an 
adjective to indicate the zone, as eastern standard time. In some areas timepieces 
are advanced one or more hours during the summer to provide greater use of 
daylight. This “fast” time is called daylight saving time in the United States, and 
summer time elsewhere. When time is one hour fast, the zone description is 
(algebraically) one Jess than normal. When daylight saving or summer time is 
specified, an advance of one hour is understood unless a greater number is in- 
dicated. 

Example 6.—What is the standard time and date at Tokyo, long. 140°E, when 
the daylight saving time at Washington, D.C., long. 77°W, is 1600 on Oct. 5? 


Solution.— 
ZT 1600 Oct. 5 
ZD (+) 4 
GMT 2000 Oct. 5 
LD) a (rev.) 
ZT 0500 Oct. 6 


During hostilities daylight saving time may be kept all year long throughout a 
nation, and designated war time. 

1815. Chronometer time (C) is time indicated by a chronometer. Since a chro- 
nometer is set approximately to GMT, and not reset until it is overhauled and 
cleaned, perhaps three years later (art. 1514), there is nearly always a chronometer 
error (CE), either fast (F) or slow (S). The change in chronometer error in 24 hours 
is called chronometer rate, or daily rate, and designated gaining or losing. With a 
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consistent rate of 1§ per day for three years, the chronometer error would be 
approximately 18™. Since chronometer error is subject to change, it should be 
determined from time to time, preferably daily at sea. Chronometer error is found 
by radio time signal (art. 1826), by comparison with another timepiece of known 
error, or by applying chronometer rate to previous readings of the same instru- 
ment. It is recorded to the nearest whole or half second. Chronometer rate is 
recorded to the nearest 081. 
Example 1.—At GMT 1200 on May 12 the chronometer reads 12504™215. At 
GMT 1600 on May 18 it reads 4504™255. 
Required.—(1) Chronometer error at both comparisons. 
(2) Chronometer rate. 
(3) Chronometer error at GMT 0530 on May 27. 
Solution.— 
GMT 12500™00* May 12 
C 12ho4an2i 
(1) CE (F) 4™215 
GMT 16"00"00° May 18 
C 404™25s 
(1) CE (F) 4mo5s 
GMT 12°12 
GMT 18416 
diff. 6#04"—692 
CE (F) 4™21s 1200 May 12 
CE (F) 4™25* 1600 May 18 
diff. 45 gained 
(2) daily rate 036 per day, gaining. (4°~ 692) 
GMT 181600" 
GMT 27°05"30™ 
diff. 8413430"  =895 
CE (F) 4™25* 1600 May 18 
corr. (+)5§ (895x086 per day) 
(3) CE (F) 4™30° 0580 May 27 


Because GMT is stated on a 24-hour basis, and chronometer time on a 12-hour 
basis, a 12-hour ambiguity exists. This is ignored in finding chronometer error. 
However, if chronometer error is applied to chronometer time to find GMT, a 
possible 12-hour error can result. This can be resolved by mentally applying zone 
description to local time to obtain approximate GMT. A time diagram can be used 
for resolving doubt as to approximate GMT and Greenwich date. If the sun for the 
kind of time used (mean or apparent) is between the lower branches of two time 
meridians (as the standard meridian for local time, and the Greenwich meridian for 
GMT), the date at the place farther east is one day later than at the place farther 
west. 

Example 2.—On August 14 the DR long. of a ship is about 124°E, and the zone 
time is about 0500. Chronometer error is 12™275 slow. 

Required.—GMT and date when the chronometer reads 8544™292s. 
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Solution.— 
approx. ZT 0500 Aug. 14 
ZD (—)8 
approx. GMT 2100 Aug. 13 
C 8h44™22s 


CE (S) 12™275 
GMT 20"56™49° Aug. 13 


The A chronometer, usually the best (having the most nearly uniform rate), is 
compared directly with the time signal (art. 1826). Other chronometers, designated 
B, C, etc., may then be compared with the A chronometer. 

Example 3.—At GMT 1400 chronometer A is checked by time signal, and found 
0 read 1557™09s. A little later, when it reads 2'05™00°, chronometer B reads 
2° P1™385: 

Required.—(1) Error of chronometer A. 

(2) Error of chronometer B. 

Solution.— 


GMT 145007005 
C, 1857095 
(1) CE, (S) 2™518 
Cy, 205™005 
GMT 1407™515 
Cy 2611™388 
(2)CE, (F) 3™475 


If time signals are not available at the chronometer, a good comparing watch 
(art. 1516) should be compared with the radio signal, and this watch used to 
determine chronometer error, as indicated in example 3, substituting the watch for 
chronometer A. 

1816. Watch time (WT) is time indicated by a watch. This is usually an 
approximation of zone time, except that for timing celestial observations it is good 
practice to set a comparing watch (art. 1516) to GMT. If the watch has a second 
setting hand, the watch can be set exactly to ZT or GMT, and the time is so 
designated. If the watch is not set exactly to one of these times, the difference is 
known as watch error (WE), labeled fast (F) or slow (S) to indicate whether the 
watch is ahead of or behind the correct time, respectively. 

If a watch is to be set exactly to ZT or GMT, it is set to some whole minute 
slightly ahead of the correct time, and stopped. When the set time arrives, the 
watch is started. It should then be checked for accuracy. 

Example 1.—A chronometer 946° fast on GMT reads approximately 7°23™. At 
the next whole five minutes of GMT a comparing watch is to be set to GMT exactly. 

Required.—(1) What should the watch read at the moment of starting? 

(2) What should the chronometer read? 

Solution.— 

Comny223700° 
CE (F) 97465 
GMT _7°13™14° 
(1) GMT = _7515™00* (next whole 5™) 
CE (F) 946° 
(2) Cc  T24m46e 
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The GMT may be in error by 12", but if the watch is graduated to 12 hours, this 
will not be reflected. If a watch with a 24-hour dial is used, the actual GMT should 
be determined. 

If watch error is to be determined, it is done by comparing the reading of the 
watch with that of the chronometer at a selected moment. This may be at some 
selected GMT, as in example 1. 

Example 2.—If, in example 1, the watch had read 7°14™48* at the moment the 
chronometer read 7°24™46s, what would be the watch error on GMT? 

Solution.— 

GMT 715005 
WT 7*14™485 
WE (S) 12 


A more convenient chronometer time might be selected, as a whole minute. 
Example 3.—A watch is set to zone time approximately. The longitude is about 
48°W. The watch is compared with a chronometer which is 19™44* fast on GMT. 
When the chronometer reads 5°22™005, the watch reads 2°01™535. 
Required.—Watch error on zone time. 
Solution.— 
C 5'22™00* 
CE _(F) 1gm44t 
GMT 5502™165 
ZD (+)3 (rev.) 
ZT ZE02™ 162 
WT __ 2h01"53° 
WE (S) 235 


The possible 12 error is not of significance. When such a watch is used for 
determining GMT, however, as for entering an almanac, the 12-hour ambiguity is 
important. Unless a watch is graduated to 24 hours, its time is designated am before 
noon and pM after noon. 

Example 4.—On January 3 the DR long. is 94°14!7E. An observation of the sun 
is made when the watch reads 12°16™23* pm. The watch is 22° fast on zone time. 

Required.—GMT and date. 

Solution.— 

WT 12°16™235 pm Jan. 3 
WE (22 

ZT 12°16™01* 

ZD (—)6 


GMT 6516™015 Jan. 3 


Note that between 1200 and 1300 watch designations are pm. Between 0000 and 
0100 they are AM. 

Comparison of a watch and a chronometer should be made carefully. If two 
observers are available, one can give a warning ‘‘stand-by” a few seconds before the 
selected time, and a “mark” at the appointed moment, while the other notes the 
time of the watch. A single observer can make a satisfactory comparison by count- 
ing with the chronometer. Chronometers beat in half seconds, with an audible 
“tick.” Ten seconds before the selected time (perhaps a whole minute), the observer 
starts counting with the beats, as he watches the chronometer second hand, “50, 
and, 1, and, 2, and, 3, and, . . . 9, and, mark.” During the count the observer shifts 
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his view from the chronometer to the second hand of the watch, continuing to count 
in cadence with the chronometer beats. At the “mark,” the second, minute, and 
hour hands of the watch are read in that order, and the time recorded. A compari- 
son of this time with the GMT or ZT corresponding to the selected chronometer 
time indicates the watch error. 

Even though a watch is set to zone time approximately, its error on GMT can 
be determined and used for timing observations. In this case the 12-hour ambiguity 
in GMT should be resolved, and a time diagram used to avoid possible error. This 
method requires additional work, and presents a greater probability of error, with- 
out compensating advantages. 

Still another method of determining GMT, generally used before zone time 
came into common use at sea, is to subtract watch time from chronometer time, to 
find C—WT. This is then added to the watch time of an observation to obtain 
chronometer time (C—WT+WT=C). Chronometer error is then applied to the 
result to obtain GMT. A time diagram should always be used with this method, to 
resolve the 12-hour ambiguity and to be sure of the correct Greenwich date, unless 
lan auxiliary solution is made using approximate ZT and ZD. This method has little 

“to recommend it. 

If a watch has a watch rate of more than a few seconds per day, watch error 
should be determined both before and after a round of sights, and any difference 
distributed proportionally among observations. 

If a stopwatch is used for timing observations, it should be started at some 
convenient GMT, as a whole 5™ or 10™. The time of each observation is then this 
GMT plus the reading of the watch. 

1817. Local mean time (LMT), like zone time, uses the mean sun as the 
celestial reference point. It differs from zone time in that the local meridian is used 
as the terrestrial reference, rather than a zone meridian. Thus, the local mean time 
at each meridian differs from that of every other meridian, the difference being 
equal to the difference of longitude, expressed in time units. At each zone meridian, 
including 0°, LMT and ZT are identical. 

Example 1.—At long. 124°37'2W the LMT is 17°24™18* on March 21. 

Required.—(1) GMT and date. 

(2) ZT and date at the place. 


Solution.— 
LMT 17224™185 Mar. 21 
r 8518™295W 
(1) GMT 1542™475 Mar. 22 
TADS (EE) ts (rev.) 


(2) ZT 17>42™47° Mar. 21 


In navigation the principal use of LMT is in rising, setting, and twilight tables. 
The problem is usually one of converting the LMT taken from the table to ZT. At 
sea, the difference between these times is normally not more than 30™, and the 
conversion is made directly, without finding GMT as an intermediate step. This is 
done by applying a correction equal to the difference of longitude (dA). If the 
observer is west of his time meridian, the correction is added, and if east of it, the 
correction is subtracted. If Greenwich time is desired, it is found from ZT. 

Example 2.—At long. 63°24/4E the LMT is 0525 on January 2. 

Required.—(1) ZT and date. 

(2) GMT and date. 
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Solution.— 


LMT 0525 Jan. 2 
da (—) 14 
(1) ZT 0511 Jan. 2 
ZD (—)4 
(2) GMT 0111 Jan. 2 


On land, with an irregular zone boundary, the longitude may differ by more 
than 7°5 (30™) from the time meridian. 

If LMT is to be corrected to daylight saving time, the difference in longitude 
between the local and time merdian can be used, or the ZT can first be found and 
then increased by one hour. 

Conversion of ZT (including GMT) to LMT is the same as conversion in the 
opposite direction, except that the sign of dA is reversed. This boron ie rt is not 
normally encountered in navigation. 

1818. Apparent time utilizes the apparent (real) sun as its celestial reference, 
and a meridian as the terrestrial reference. Local apparent time (LAT) uses the 
local meridian. The LAT at the 0° meridian is called Greenwich apparent time 
(GAT). 

The LAT at one meridian differs from that at any other by the difference in 
longitude of the two places, the place to the eastward having the later time, and 
conversion is the same as converting LMT at one place to LMT at another. 

Use of the apparent sun as a celestial reference point for time results in time of 
nonconstant rate for at least three reasons. First, revolution of the earth in its orbit 
is not constant. Second, motion of the apparent sun is along the ecliptic, which is 
tilted with respect to the celestial equator, along which time is measured. Third, 
rotation of the earth on its axis is not constant. The effect due by this third cause is 
extremely small. 

For the various forms of mean time, the apparent sun is replaced by a fictitious 
mean sun conceived as moving eastward along the celestial equator at a uniform 
speed equal to the average speed of the apparent sun along the ecliptic, thus 
providing a nearly uniform measure of time equal to the approximate average 
apparent time. At any moment the accumulated difference between LAT and LMT 
is indicated by the equation of time (Eq. T), which reaches a maximum value of 
about 1674 in November. This quantity is tabulated at 12-hour intervals at the 
bottom of the right-hand daily page of the Nautical Almanac. In the United States, 
the sign is considered positive (+) if the time of sun’s “Mer. Pass.” is earlier than 
1200, and negative (—) if later than 1200. If the “Mer. Pass.” is given as 1200 (as on 
June 12-14, 1975), the sign is positive if the GHA at GMT 1200 is between 0° and 1°, 
and negative if it is greater than 359°. The sign is correct for conversion of GMT to 
GAT. In Great Britain, this convention is reversed. Since GMT is the entering 
argument for the almanacs, interconversion of apparent and mean time should 
preferably be made from Greenwich time, rather than from local time. 

Example.—Find the LAT and date at ZT 15°10™40* on May 31, 1975, for long. 
73°18. 4W. 


Solution.— 72 15"10™40° May 31 
ZD (+) 5 
GMT 20°10™405 = May 31 
Eq. T (+) 2m25° 
GAT 20°13"05 May 31 
» 4h53™145  W 


LAT 15°19™515 = May 31 
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In conversion from apparent to mean time, a second solution may be needed if 
the equation of time is large and changing rapidly, using the GAT for entering the 
almanac for the first solution, and using the GMT from this solution as the 
almanac entry value for the second solution. 

Apparent time can also be found by converting hour angle to time units, and 
adding or subtracting 12 hours. If LAT is required, but not GAT, conversion of arc 
to time should be made from LHA, rather than GHA, to avoid the need for 
conversion of longitude to time units. Equation of time can be found by subtracting 
mean time from apparent time at the same meridian. This method of finding 
apparent time and equation of time is the only one available with the Air Almanac, 
which does not tabulate equation of time. 

The navigator has little or no use for apparent time, as such. However, it can 
be used for finding the time of local apparent noon (LAN), when the apparent sun 
is on the celestial meridian. 

The mean sun averages out the irregularities in time due to the variations of 
the speed of revolution of the earth in its orbit and the fact that the apparent sun 
moves in the ecliptic while hour angle is measured along the celestial equator. It 
does not eliminate the error due to slight variations in the rotational speed of the 
earth. When a correction for the accumulated error from this source is applied to 
mean time, Ephemeris Time results. This time is of interest to astronomers, but is 
not used directly by the navigator. 

1819. Sidereal time uses the first point of Aries (vernal equinox) as the celestial 
reference point. Since the earth revolves around the sun, and since the direction of 
the earth’s rotation and revolution are the same, it completes a rotation with 
respect to the stars in less time (about 3™56%6 of mean solar units) than with respect 
to the sun, and during one revolution about the sun (1 year) it makes one complete 
rotation more with respect to the stars than with the sun. This accounts for the 
daily shift of the stars nearly 1° westward each night. Hence, sidereal days are 
shorter than solar days, and its hours, minutes, and seconds are correspondingly 
shorter. Because of nutation (art. 1417) sidereal time is not quite constant in rate. 
Time based upon the average rate is called mean sidereal time, when it is to be 
distinguished from the slightly irregular sidereal time. The ratio of mean solar time 
units to mean sidereal time units is 1:1.00273791. 

The sidereal day begins when the first point of Aries is over the upper branch 
of the meridian, and extends through 24 hours of sidereal time. The sun is at the 
first point of Aries at the time of the vernal equinox, about March 21. However, 
since the solar day begins when the sun is over the lower branch of the meridian, 
apparent solar and sidereal times differ by 12 hours at the vernal equinox. Each 
month thereafter, sidereal time gains about 2 hours on solar time. By the time of 
the summer solstice, about June 21, sidereal time is 18 hours ahead or 6 hours 
behind solar time. By the time of the autumnal equinox, about September 23, the 
two times are together, and by the time of the winter solstice, about December 22, 
the sidereal time is 6 hours ahead of solar time. There need be no confusion of the 
date, for there is no sidereal date. 

Local sidereal time (LST) uses the local meridian as the terrestrial reference. 
At the prime meridian this is called Greenwich sidereal time (GST). The difference 
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between LST at two meridians is equal to the difference of longitude between them, 
the place to the eastward having the later time. Local sidereal time is LHAY 
expressed in time units. To determine LST at any given moment, find GHAT by 
means of an almanac, and then‘apply the longitude to convert it to LHAY. Then 
convert LHAY in arc to LST in time units. 

Example.—Find LST at ZT 8®25™515 on May 31, 1975, for long. 103°16/3E. 


Solution.— 
ZT 8825™51S May 31 
ZD (—)7 
GMT 1525™515 May 31 
ie! 262°54/8 
RES SE 6°28/8 


GHAY 269°23'6 
r 103°16'3 E 


LHAY 12°39/9 
LST 0»50™40s 


Unless GST is required, conversion from arc to time units should be made from 
LHAY, rather than from GHAY, to avoid the need for converting longitude from 
arc to time units. 

Conversion of sidereal to solar time is the reverse. Local sidereal time is 
converted to arc (LHAY), and the longitude is applied to find GHAY. This is used 
as an argument for entering the almanac to determine GMT, which can then be 
converted to any other kind of time desired. This is similar to one method of finding 
time of meridian transit, described in article 2104. Normally, the problem is not 
encountered by the navigator. 

Sidereal time, as such, is little used by the navigator. It is the basis of star 
charts (art. 2204) and star finders (art. 2210), and certain sight reduction methods 
(notably Pub. No. 249), but generally in the form LHAY. This kind of time is used 
for these purposes because its celestial reference point remains almost fixed in 
relation to the stars. Sidereal time is used by astronomers to regulate mean time. 
Timepieces regulated to sidereal time can be purchased. 

1820. Time and hour angle.—Both time and hour angle are a measure of the 
phase of rotation of the earth, since both indicate the angular distance of a celestial 
reference point west of a terrestrial reference meridian. Hour angle, however, 
applies to any point on the celestial sphere. Time might be used in this respect, but 
only the apparent sun, mean sun, the first point of Aries, and occasionally the 
moon are commonly used. 

Hour angles are usually expressed in arc units, and are measured from the 
upper branch of the celestial meridian. Time is customarily expressed in time units. 
Sidereal time is measured from the upper branch of the celestial meridian, like 
hour angle, but solar time is measured from the lower branch. Thus, LMT=LHA 
mean sun plus or minus 180°, LAT=LHA apparent sun plus or minus 180°, and 
LST=LHAY. 

As with time, local hour angle (LHA), based upon the local celestial meridian, 
at two places differs by the longitude between them, and LHA at longitude 0° is 
called Greenwich hour angle (GHA). In addition, it is often convenient to express 
hour angle in terms of the shorter arc between the local celestial meridian and the 
body. This is similar to measurement of longitude from the Greenwich meridian. ~ 
Local hour angle measured in this way is called meridian angle (t), which is labeled 
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east or west, like longitude, to indicate the direction of measurement. A westerly 
meridian angle is numerically equal to LHA, while an easterly meridian angle is 
equal to 360°—LHA; also, LHA=t (W), and LHA=360°—t (E). Meridian angle is 
used in the solution of the navigational triangle (art. 1483). 


Example 1.—Find LHA and t of the sun at GMT 3524™16* on June 1, 1975, for 
long. 118°48/2W. 


Solution.— 
GMT 35247165 Junel 
B> 225°85/7 
24™16* 6°04°0 
GHA 231°39!7 
r 118°48'2 W 
LHA® 112°5175 
tale. ol.oe _W, 
Example 2.—Find LHA and t of Kochab at ZT 18"24™47* on May 31, 1975, for 
long. 55°27/3W. 


Solution.— 
Kochab 
ZT 18824™47s May 31 
ZD (+)4 


GMT 2224™475 May 31 
225% 21874675 

24™475 6°1278 

SHA 1ST 

GHA 211.0 
r Do ee 


LHA = 306°49/7 
t 53°10! E 


1821. The legal basis of standard time in the United States is contained in the 
“Uniform Time Act of 1966” (Public Law 89-387) and the U. S. Code, Title 15. This 
act reiterates the policy of the United States to “promote the adoption and observ- 
ance of uniform time within prescribed Standard Time Zones . . .” and establishes 
the annual advancement and retardation of standard time by 1 hour the last 
Sunday of April and October, respectively. The Department of Transportation is the 
agency designated for enforcement of the law. 

The “Uniform Time Act” establishes eight Standard Time Zones for the United 
States (fig. 1821) and notes that standard time is based on the mean solar time of 
specified longitudes. The reference meridians are spaced 15° apart in longitude 
beginning with the meridian through Greenwich, England. Time zones extend 71° 
in longitude on each side with considerable variation in boundaries to conform to 
political or geographic boundaries or both. Since the time zones are 15° apart, the 
time difference between two adjacent zones is 1 hour. 

A comprehensive delineation of these zones is given in the Code of Federal 
Regulations, entitled “Standard Time Zone Boundaries.” 

This system of time zones is now used almost universally throughout the world, 
although on land the zone boundaries are generally altered somewhat for conven- 
ience (fig. 1814). In a few places, half-hour zones are used. 
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The standard times used in various countries and places are tabulated in the 
almanacs. 


Radio Dissemination of Time Signals 


1822. Dissemination systems.—Of the many systems for time and frequency 
dissemination, the majority employ some type of radio transmission, either in 
dedicated time and frequency emissions or established systems such as radionaviga- 
tion systems and television. The most accurate means of time and frequency dis- 
semination today is through on site visits or aircraft flyovers with portable atomic 
clocks. 

Radio time signals can be used either to perform a clock function or to set 
clocks. When one uses a radio wave instead of a clock, however, new considerations 
evolve. One is the delay time of approximately 3 microseconds per kilometer it 
takes the radio wave to propagate and arrive at the reception point. Thus, a user 
1,000 kilometers from a transmitter receives the time signal about 3 milliseconds 
later than the on-time transmitter signal. If time is needed to better than 3 
milliseconds, correction must be made for the signal to pass through the receiver. 

In most cases standard time and frequency emissions as received are more than 
adequate for ordinary needs. However, many systems exist for the more exacting 
scientific requirements. 

Astronomers, geodesists, navigators, and others using time based on the earth’s 
rotation (UT1) require that the emissions of Coordinated Universal Time (UTC) also 
include the difference between UTC and UT1. This difference is discussed in art. 
1827. 

1823. Characteristic elements of dissemination systems.—A number of 
common elements characterize most time and frequency dissemination systems. 
Among the more important elements are accuracy, ambiguity, repeatability, cover- 
age, availability of time signal, reliability, ease of use, cost to the user, and the 
number of users served. There does not now appear to be any single system which 
incorporates all desired characteristics. The relative importance of these character- 
istics will vary from one user to the next, and the kind of compromise solution for 
one user may not be satisfactory to another. These common elements are discussed 
in the following examination of a possible radio signal. 

Consider a very simple system consisting of an unmodulated 10-kHz signal as 
shown in figure 1823. A positive going zero-crossing of this signal, leaving the 
transmitter at 0000 UTC, will reach the receiver at a later time equivalent to the 
propagation delay. The user must know this delay because the accuracy of his 
knowledge of time can be no better than the degree to which this delay is known. 
(By accuracy is meant the degree of conformity to some specified value or defini- 
tion.) Since all cycles of the signal are identical, the signal is ambiguous and the 
user must somehow decide which cycle is the “on time” cycle. This means, in the 
case of the hypothetical 10-kHz signal, that the user must know the time to +50 
microseconds (half the period of the signal). Further, the user may desire to use this 
system, say once a day, for an extended period of time to check his clock or 
frequency standard. However, it may be that the delay will vary from one day to 
the next, and if the user is unaware of this variation, his accuracy will be limited 
by the lack of repeatability of the signal arrival time. 

Many users are interested in making time coordinated measurements over 
large geographic areas. They would like all measurements to be referenced to one 
time system to eliminate corrections for different time systems used at scattered or 
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remote locations. This is a very important practical consideration when measure- 
ments are undertaken in the field. In addition, a one reference system, such as a 
single time broadcast, increases confidence that all measurements can be related to 
each other in some known way. Thus, the coverage of a system is an important 
concept. Another important characteristic of a timing system is the percent of time 
available. The man on the street who has to keep an appointment needs to know 
the time perhaps to a minute or so. Although he requires only coarse time informa- 
tion, he wants it on demand so he carries a wristwatch that gives the time to him 
24 hours a day. On the other hand, a user who needs time to a few microseconds 
employs a very good clock which only needs an occasional update, perhaps only 
once or twice a day. An additional characteristic of time and frequency dissemina- 
tion is reliability, i.e., the likelihood that a time signal will be available when 
scheduled. Propagation fadeout can sometimes prevent reception of HF signals. 

1824. Radio propagation factors.—Radio has offered good means of transfer- 
ring standard time and frequency signals since the early 1900’s. As opposed to the 
physical transfer of time via portable clocks, the transfer of information by radio 
entails propagation of electromagnetic energy through some propagation medium 
from a transmitter to a distant receiver. 

In a typical standard frequency and time broadcast, the signals are directly 
related to some master clock and are transmitted with little or no degradation in 
accuracy. In a vacuum and noise free background, the signals should be received at 
a distant point essentially as transmitted, except for a constant path delay with the 
radio wave propagating near the speed of light (i.e., 299,773 kilometers per second). 
The propagation media, including the earth, atmosphere, and ionosphere, as well as 
physical and electrical characteristics of transmitters and receivers, influence the 
stability and accuracy of received radio signals, dependent upon the frequency of 
the transmission and length of signal path. Propagation delays are affected in 
varying degrees by extraneous radiations in the propagation media, solar disturb- _ 
ances, diurnal effects, and weather conditions, among others. 
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Radio dissemination systems can be classified in a number of different ways. 
One way is to divide those carrier frequencies low enough to be reflected by the 
ionosphere (below 30 MHz) from those sufficiently high to penetrate the ionosphere 
(above 80 MHz). The former can be observed at great distances from the transmitter 
but suffer from ionospheric propagation anomalies that limit accuracy; the latter 
are restricted to line-of-sight applications but show little or no signal deterioration 
caused by propagation anomalies. The most accurate systems tend to be those 
which use the higher, line-of-sight frequencies, while broadcasts of the lower carrier 
frequencies show the greatest number of users. 

1825. Standard time broadcasts.—The World Administrative Radio Council 
(WARC) has allocated certain frequencies in five bands for standard frequency and 
time signal emission as shown in table 1825. For such dedicated standard frequency 
transmissions, the International Radio Consultative Committee (CCIR) recommends 
that carrier frequencies be maintained so that the average daily fractional frequen- 
cy deviations from the internationally designated standard for measurement of time 
interval should not exceed 1x107'°. The U.S. Naval Observatory Time Service 
Announcement Series 1, No. 2, gives characteristics of standard time signals that are 
assigned to allocated bands, as reported by the CCIR. 

1826. Time signals.—The usual method of determining chronometer error and 
daily rate is by radio time signals, popularly called time ticks. Most maritime 
nations broadcast time signals several times daily from one or more stations, and a 
vessel equipped with radio receiving equipment normally has no difficulty in ob- 
taining a time tick anywhere in the world. Normally, the time transmitted is 
maintained virtually uniform with respect to atomic clocks. The Coordinated Uni- 
versal Time (UTC) as received by a vessel may differ from UT1 (GMT) by as much 
as 089 (art. 1828). 

The majority of radio time signals are transmitted automatically, being con- 
trolled by the standard clock of an astronomical observatory. Absolute reliance may 
be had in these signals, and they should be correct to 0.05 second. Some stations 
transmit by a combination of hand and automatic signals, and care should be 
exercised to differentiate between the two at the time of actual comparison of the 
chronometer. 

Other radio stations, however, have no automatic transmission system in- 
stalled, and the signals are given by hand. In this instance the operator is guided by 
the standard clock at the station. The clock is checked by either astronomical 
observations or by reliable time signals. The hand transmission should be correct to 
0.25 second. 

At sea the spring-driven chronometer should be checked daily by radio time 
signal, and in port daily checks should be maintained, or begun at least three days 
prior to departure, if conditions permit. Error and rate are entered in the chronom- 
eter record book (or record sheet) each time they are determined. 

The various time signal systems used throughout the world are discussed in 
Pubs. Nos. 117A and 117B, Radio Navigational Aids, and volume 5 of Admiralty 
List of Radio Signals. Only the United States signals are discussed here. 
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Band No. Designation Frequency Range 
4 VLF (Very Low Frequen- | 20.0 kHz+50 Hz. 
cy). 
6 MF (Medium Frequency). | 2.5 MHz+5 kHz. 


5.0 MHz+5 kHz. 
10.0 MHz+5 kHz. 
7 HF (High Frequency) 15.0 MHz+10 kHz. 
20.0 MHz+10 kHz. 
25.0 MHz+10 kHz. 


8) UHF (Ultra High Fre- | 400.1 MHz+25 kHz 
quency). (satellite). 
4.202 GHz+2 MHz 


(satellite-space to 
earth). 


10 SHF (Super High Fre- f¢ 497 GHz+2 MHz 
quency). (satellite-earth to 
|\__ space). 


TABLE 1825.—International standard time and frequency radio assignments. 


The U.S. Naval Observatory at Washington, D.C., controls the transmissions of 
time signals from U. S. Naval radio stations. Beginning at 5 minutes before each 
even hour of GMT, dashes are transmitted on every second, except the 29th and 
certain others near the end of each minute, as shown in the following diagram: 


Minutes Seconds 


50 51 52 53 54 55 56 57 58 59 60 


Or 
ei 
a 


yee 


The seconds marked ‘‘60” indicate the start of the next minute. The final dash, 
marking the hour, is considerably longer than any of the others. The number of 
dashes in the group near the end of any minute indicates the number of minutes 
before the hour. This is known as the United States system. In all cases the 
beginnings of the dashes indicate the beginning of the seconds, and the ends of the 
dashes are without significance. 

Although the broadcasts of the National Bureau of Standards (NSB) stations 
WWYV and WWVH are intended primarily for dissemination of frequency and time 
interval for scientific purposes, time ticks are also provided. 

Station WWV broadcasts from Fort Collins, Colorado at the international allo- 
cated frequencies of 2.5, 5.0, 10.0, 15.0, 20.0, and 25.0 MHz; station WWVH trans- 
mits from Kauai, Hawaii on the same frequencies with the exclusion of 25.0 MHz. 
The hourly broadcast formats are shown in figure 1826. The broadcast signals 
include standard time and frequencies and various voice announcements. Details of 
these broadcasts are given in NBS Special Publication 236, NBS Frequency and 
Time Broadcast Services. Both HF emissions are directly controlled by cesium beam 
frequency standards with periodic reference to the NBS atomic frequency and time 
standards; corrections are published monthly. 

The time ticks in the WWV and WWVH emissions are shown in figure 1826. 
The 1-second UTC markers are transmitted continuously by WWV and WWVH, 
except for omission of the 29th and 59th marker each minute. With the exception of © 
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WWV BROADCAST FORMAT 


VIA TELEPHONE (303) 499-7111 
(NOT A TOLL-FREE NUMBER) STATION 10 


LOCATION 
40°40 490° N 108702270 W 
2000 E COUNTY ROAD SA 
FORT COLLINS COLORADO 8052) 


UTC. VOICE 
ANNOUNCEMENT 


STANDARD BROADCAST FREQUENCIES 
AND RADIATEO POWER 


2.5 MH: - 26 kW 158 MHx 
S MHr ~ 10 Aw 20 MHe 
10 MHz ~ 10 aw. 25 MHe 


PROPAGATION 
FORECASTS 


10 aw 
25 Ww 
264w 


SON023S 


UT 1 CORRECTIONS. 


FOR ADDITIONAL INFORMATION CONTACT 
US DEPARTMENT OF COMMERCE 

NATIONAL BUREAU OF STANDARDS. / 
FREQUENCY TIME BROADCAST SERVICES SECTION 
BOULDER COLORADO 80302 


/ 


@ BEGINNING OF EACH HOUR IS IDENTIFIED BY 
0.8 SECOND LONG. 1500 Hz TONE 


@ BEGINNING OF EACH MINUTE IS IDENTIFIED BY 


% ATM MESSAGES/~ -0.8-SECOND LONG, 1000-Hz TONE 
MINUTES 
@ THE 29th & 59th SECOND PULSE OF EACH MINUTE IS OMITTED 
WWVH BROADCAST FORMAT VIA TELEPHONE. (808) 335-4363 (NOT A TOLL-FREE NUMBER) 


STATION Dag 7440 He 1-HOUR MARK 


ONCE 


N 
OTe CEMENT 


PO BOX 417 ANNOUN 


KEKAHA. KAVA) HAWAI! 96752 


STANDARD BROADCAST FREQUENCIES 
AND RADIATED POWER 


25MHz- 5kW 10 MHr 


10 kW 


cons |S 


eRges 5.0 MHz — 10 kW 15 MHz — 10 kW ANNaRLClaL 
eure 20 MHr- 25 kW INCEMENT 
45> UT} CORRECTIONS. 500 H, TONE 


FOR ADDITIONAL INFORMATION CONTACT 
US DEPARTMENT OF COMMERCE 
NATIONAL BUREAU OF STANDARDS 

FREQUENCY TIME BROADCAST SERVICES SECTION, 

BOULDER, COLORADO 80302 


@BEGINNING OF EACH HOUR IS IDENTIFIED BY 
0.8-SECOND LONG, 1500-Hz TONE 


@ BEGINNING OF EACH MINUTE IS IDENTIFIED BY 
0.8-SECOND LONG. 1200-Hz TONE 


v74 AIM MESSAGES @THE 29th & 59th SECOND PULSE OF EACH MINUTE IS OMITTED 
Figure 1826.—Broadcast format of stations WWV and WWVH. 


Minute 
Marker Emphasized second markers 


0 1 2S 103 A'S 6 Fipu@irl Of BO dA WHMAtsl Ban l4ar Sly LG 
Limit of coded sequence | 


DUT1 =+0.5S | 


Minute . l 
Marker Emphasized second markers l 
| 


ee 


i a) ek eee ome) ceo OSE 12) 13614 15] 16 
Limit of coded sequence | 


pUT17 = — 0.2§ 


FiGurRE 1827a.—CCIR code for transmission of DUT1. 
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the beginning tone at each minute (800 milliseconds) all 1-second markers are of 5 
milliseconds duration. Each pulse is preceded by 10 milliseconds of silence and 
followed by 25 milliseconds of silence. Time voice announcements are given also at 
1-minute intervals. All time announcements are UTC. 

1827. Codes for the transmission of DUT1.—The difference between UTC and 
and UT1 is known as DUT], the relationship being DUT1=UT1—UTC. By means 
of a coding system incorporated in the actual emissions, primary time signal 
sources promulgate DUT! in integral multiples of 100 milliseconds. 

The CCIR standard format is in the form of emphasized second markers 
utilizing the first 15 seconds following the minute marker. The emphasis of the 
second markers can take the form of lengthening, doubling, splitting, or tone 
modulation of the normal seconds markers. Each emphasized second represents a 
DUT! value of 081. 

A positive value of DUT1 is indicated by emphasizing a number (n) of consecu- 
tive seconds markers following the minute marker from seconds markers one to 
seconds marker (n) inclusive; (n) is an integer from 1 to 8 inclusive (fig. 1827a). 


DUT1=(nx0.J)s. 


A negative value of DUT1 is indicated by emphasizing a number (m) of consecu- 
tive seconds markers following the minute marker from seconds marker nine to 
seconds marker (8+ m) inclusive; (m) is an integer from 1 to 8 inclusive. 


DUT1=—(m~x0.1)s. 


A zero value of DUT1 is indicated by the absence of emphasized seconds 
markers. 

The National Bureau of Standards stations WWV and WWVH transmit DUT1 
using the CCIR standard format. The CCIR standard format is used by most 
coordinated stations, including CHU, Canada. 

In the USSR extended format, the CCIR format is followed for DUT1. In 
addition dUT1 is given to specify more precisely the difference UT1—UTC to 
multiples of 0302, the total value of the correction being DUT1+dUT1. Positive 
values of dUT1 are transmitted by the marking of p second markers between the 
21st and 24th second (fig. 1827b) so that dUT1=(p x 0.02)s. Negative values of dUT1 
are transmitted by the marking of q second markers between the 3lst and 34th 
second, so that dUT1= —(qx0.02)s. 

DUT1 may also be given by voice announcement or in Morse code. In the 
Morse code method, U. S. Naval Radio Stations use standard Morse code (15 words 
per minute) between seconds 56 and 59 inclusive of each minute not used for time 
ticks to indicate the sign and value in tenths of a second of DUT1. Positive values 
are indicated by the letter “A’’ and the appropriate digit; negative values are 
indicated by the letter “S” and the appropriate digit. 


Standard Morse 
A -— Cosa 
ithe [all a 
5 oa te et fea pry AE 
are aa ae ae 
Aa ee hana ER Bop 
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dUT1l =+0.06S 


Emphasized seconds markers | 


2 22 OL ee COMO OER Z/) OC e ON SO) 831 32) "33a 345235136) 3/7 


dUT1 =— 0.085 


| 


Emphasized seconds markers 


We WH 


21 (Pemgpeo sree? 49492 Oee 26.6 V27qinP Su h29) 130m SB leni327-33 34 | 35 SOMES 


Limit of coded sequence for q0 pee bees 5 


Ficure 1827b.—USSR extended format for transmission of dUT1. 


For example: 
“ee ’”? means DUT1= — 081 and UT1=UTC— 01. 


Pubs. Nos. 117A and 117B, Radio Navigational Aids, should be referred to for 
up-to-date information on time signals. 

1828. Leap-second adjustments.—By international agreement, UTC is main- 
tained within about 089 of the celestial navigator’s time scale, UT1. The introduc- 
tion of leap seconds allows a good clock to keep approximate step with the sun. 
Because of the variations in the rate of rotation of the earth, however, the occur- 
rences of the leap seconds are not predictable in detail. 

The Bureau International de l’Heure (BIH) decides upon and announces the 
introduction of a leap second. The BIH announces the new leap second at least 
several weeks in advance. A positive or negative leap second is introduced the last 
second of a UTC month, but first preference is given to the end of December and 
June, and second preference is given to the end of March and September. A positive 
leap second begins at 23559™60° and ends at 00500™00* of the first day of the 
following month. In the case of a negative leap second, 23559™58° is followed one 
second later by 00"00™005 of the first day of the following month. 

The dating of events in the vicinity of a leap second is effected in the manner 
indicated in figures 1828a and 1828b. 


Event 
Same Second Designation of the date of the event 
| 
[raw «hf <a nie | ol etl | 
-56 67.58 59 60 10 »1 2°43) 94 30 June, 23h 59m 60.65 UTC 
30 June, 23 59m 1 July, oh OM 


Ficure 1828a.—Dating of event in the vicinity of a positive leap second. 
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Event 


Designation of the date of the event 


30 June, 234 59m 58.9s UTC 


30 June, 23h 59m 1 July, OhOm 


FicureE 1828b.—Dating of event in the vicinity of a negative leap second. 


Whenever leap second adjustments are to be made to UTC, mariners are 
advised by HYDROLANT/HYDROPAC messages originated by the Defense Map- 
ping Agency Hydrographic/Topographic Center. 


Problems 


1810a. What is the time and date 9°13™295 before 3516™34° May 9? 

Answer.—T 18°03™05* May 8. 

1810b. What is the time and date 4919°22™50* after 9531™04* on December 25? 

Answer.—T 4°53™545 on Dec. 30. 

1810c. What is the time and date 2 years, 11 months, 16 days, 10 hours, 23 
minutes, and 48 seconds before 2°46™17§ on October 4, 1958? 

Answer.—T 1622™295 on Oct. 17, 1955. 

1810d. What is the time and date 412 days, 15 hours, 6 minutes, and 56 seconds 
after 22527035 on March 16, 1958? 

Answer.—T 13°33™59° on May 8, 1959. 

181la. Convert 6°28™315 to arc units, without use of a conversion table. 

Answer.—97°07'45” or 97°07/8. 

1811b. Convert 217°28/8 to time units, without use of a conversion table. 

Answer.—14'29™55s2 or 14529™55s. 

18lle. Convert 196°21'46” to time units, without use of a conversion table. 

Answer.—13"05™2781 or 1305™275. 

1811d. Convert 107°49'44” to time units, using appendix F. 

Answer.—7T"11™195. 

181le. Convert 211°37'3 to time units, using appendix F. 

Answer.—14506™2952. 

1811f. Convert 8°49™335 to arc units, using appendix F. 

Answer.—182°2882. 

1811g. Convert 251°09'2 to time units, using appendix G. 

Answer.—16'44™375. 

1811h. Convert 23°07™38* to arc units, using appendix G. 

Answer.—346°54/5. 

1814a. For an observer at long. 97°24'6E the ZT is 19°10™265. 

Required.—(1) Zone description. 

(2) GMT. 

Answers.—(1) ZD (—) 6, (2) GMT 13°10™265. 
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1814b. The GMT is 11532™073. 

Required.—(1) ZT at long. 133°24/7W. 

(2) ZT at long. 111°43/9E. 

Answers.—(1) ZT 2532™078, (2) ZT 18®32™073. 

1814c. At long. 165°18/2E the ZT is 1708™51 on July 11. 

Required.—(1) GMT and date. 

(2) ZT and date at long. 125°36/7W. 

Answers.—(1) GMT 6"08™515 on July 11, (2) ZT 2208™515 on July 10. 

1814d. On January 26 the 0800 DR long. of a ship is 128°03/2E. Twenty-six 
hours later the EP long. is 125°01/4E. 

Required.—ZT and date of arrival at the second longitude. 

Answer.—ZT 0900 Jan. 27. 

1814e. On April 1 the 1200 running fix long. of a ship is 179°55‘2W. Eight hours 
later the DR long. is 178°48/9E. 

Required.—ZT and date of arrival at the second longitude. 

Answer.—ZT 2000 Apr. 2. 

1814f. Inch’on, long. 1387°E, uses ZD (—) 8380™ for standard time. Find the 
standard time and date at San Francisco, long. 122°W, when the summer time at 
Inch’6n is 2000 on August 9. 

Answer.—ZT 0230 Aug. 9. 

1815a. At GMT 1400 on July 2 the chronometer reads 142™28*. At GMT 0800 
on July 12 it reads 7°42™405. 

Required.—(1) Chronometer error at GMT 1400 on July 2. 

(2) Chronometer error at GMT 0800 on July 12. 

(8) Chronometer rate. 

(4) Chronometer time at ZT 1800 July 20, at long. 153°21/7W. 

Answers.—(1) CE 17™82s slow, (2) CE 17™20* slow, (8) rate 152 gaining, (4) C 
a Widcaa 53 Bas 

1815b. On March 5 the DR long. of a ship is about 151 °E, and the zone time is 
about 1800. Chronometer error is 6405 fast. 

Required.—GMT and date when the chronometer reads 8502™23*. 

Answer.—GMT 7*55™435 on Mar. 5. 

1815c. On November 7 the EP long. of a ship is about 71° W, and the zone time 
is about 1900. Chronometer error is 1718* slow. 

Required.—GMT and date when the chronometer reads (1) 11°55™208, (2) 
11°59™505. 

Answers.—(1) GMT 23556™38° Nov. 7, (2) GMT 02017085 Nov. 8. 

1815d. At GMT 2200 a comparing watch is checked by time signal, and found to 
read 10*00™058. The chronometer errors are then determined by means of the 
comparing watch. When the watch reads 10067008, chronometer A reads 10"11™175, 
and when the watch reads 1008™005, chronometer B reads 9°59™065. 

Required.—(1) Watch error. 

(2) Error of chronometer A. 

(3) Error of chronometer B. 

Answers.—(1) WE 5* fast on GMT, (2) CEs 5™225 fast, (3) CEs 8™49° slow. 

1816a. A chronometer 7™22° slow on GMT reads approximately 3545™. About 2 
minutes later, when the GMT is a whole minute, a comparing watch will be set to 
GMT exactly. : 

Required.—(1) Reading of the watch at starting. 

(2) Reading of the chronometer. 

Answers.—(1) WT 3"54™008, (2) C 3°46™38°. 
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1816b. A chronometer 5™10% fast on GMT reads approximately 5"50™. About 1 
minute later, when the GMT is a whole minute, a comparing watch with a 24-hour 
dial will be set to GMT exactly. The ZT is approximately 1145 and the long. 94°W. 

Required.—(1) Reading of the.watch at starting. 

(2) Reading of the chronometer. 

(3) Watch error if, instead of being set to GMT, the watch setting is unchanged 
and the watch reads 17°45™32°’ at comparison. 

Answers.—(1) WT 17%46™008, (2) C 5'51™108, (3) WE 285 slow on GMT. 

1816c. A watch is set to zone time, approximately. The long. is about 160° E. 
The watch is compared with a chronometer which is 3™16* fast on GMT. When the 
chronometer reads 1°48™008, the watch reads 12'45™02s. 

Required.—Watch error on zone time. 

Answer.—WE 185 fast on ZT. 

1816d. On February 14 the DR long. is 63°46/1W. An observation of Dubhe is 
made when the watch reads 6"07™30° pm. The watch is 11* slow on zone time. 

Required.—GMT and date. 

Answer.—GMT 22°07™415 Feb. 14. 

1816e. On December 11 a watch is set to zone time, approximately. The long. is 
137°W. The chronometer is 3™36% fast on GMT. When the chronometer reads 
4h40™00s, the watch reads 7°36™065 pM. 

Required.—(1) Convert WT to GMT and determine watch error. 

(2) GMT and date about 20 minutes later, when the uncorrected watch reads 
T55™5 2%: 

Answers.—(1) WE 18° slow, (2) GMT 4°56™105 Dec. 12. 

1816f. Shortly before taking morning sights on January 17 the navigator com- 
pares his watch with the chronometer. When the chronometer reads 2°30™005, the 
watch reads 6"13™12* am. The chronometer is 17™15* fast on GMT. The long. is 
118°W. 

Required.—(1) C—WT. 

(2) GMT and date a little later when Regulus is observed at W 6°28™47° aM. 

Answers.—(1) C— WT 8'16™485, (2) GMT 14528™205 Jan. 17. 

1817a. At long. 138°09/3E the LMT is 0509™575 on April 23. 

Required.—(1) GMT and date. 

(2) ZT and date at the place. 

Answers.—(1) GMT 14°57™208 Apr. 22, (2) ZT 23557™208 Apr. 22. 

1817b. At long. 157°18’4W the LMT is 1931 on June 29. 

Required.—(1) ZT and date. 

(2) GMT and date. 

Answers.—(1) ZT 2000 June 29, (2) GMT 0600 June 30. 

1817c. At long. 99°35'7W the daylight saving time is 21"29™45* on August 31. 

Required.—(1) Standard time and date. 

(2) LMT and date. 

Answers.—(1) Standard time 20°29™45* Aug. 31, (2) LMT 20°51™22s teres 31. 

1818a. Find the LAT and date at ZT 5®26™13* on June 12, 1975, for long. 
9°28/1K. 

Answer.—LAT 5°04™215 June 12. 

1818b. At long. 77°15/5W the LAT is 1500 on June 18, 1975. 

Required.—(1) ZT. 

(2) LMT. 

Answers.—(1) ZT 15°08™568, (2) LMT 14559™545. 
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1818c. Using the Air Almanac, find (1) LAT at long. 117°55’W, and (2) the Eq. T, 
at ZT 20°43™09s on June 1, 1975. 


Answers.—(1) LAT 20°53™445, (2) Eq. T (+) 2™15s. 


1819a. Find LST at ZT 19"24™26s on June 1, 1975, for long. 87°51/2E. 
Answer.—LST 11°53™295. 


1819b. Find the ZT at LST 21°20™07* on May 31, 1975, for long. 54°21/3W. 
Answer.—ZT 4°24™405, 
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CHAPTER XIX 


THE ALMANAC 


1901. Introduction.—A requirement of celestial navigation is the availability of 
accurate predictions of the positions of the celestial bodies used. These predictions, 
with respect to the celestial equator system of coordinates (art. 1428), are contained 
in three publications of the United States Naval Observatory. The solution for a 
celestial line of position consists principally of the conversion of tabulated coordi- 
nates to those on the horizon system of coordinates (art. 14380). 

The Astronomical Almanac replaced the American Ephemeris and Nautical 
Almanac in 1981. This annual publication is arranged to suit the convenience of the 
astronomer, for whom it is primarily intended. It contains celestial data to a high 
degree of precision such as various astronomical constants, details of eclipses, 
planetary configurations (art. 1422), and miscellaneous phenomena but is not 
needed for ordinary purposes of navigation. Each volume contains instructions for 
its use. 

The Nautical Almanac, an annual publication, contains the astronomical infor- 
mation needed by the marine navigator. It is conveniently arranged to suit his 
needs, and the information is tabulated to a practical degree of precision, in general 
to the nearest 0/1 of arc and 1° of time, at hourly intervals. In 1958, the Nautical 
Almanac became a joint publication of the U.S. Naval Observatory and H. M. 
Nautical Almanac Office, Royal Greenwich Observatory, and incorporated a number 
of changes from previous editions. Extracts from the Nautical Almanac for 1975 are 
given in appendix F. These extracts, illustrating the various features of that publi- 
cation, can be used in the solution of the various illustrative and sample problems 
of the present volume. 

The Air Almanac, published two times per year, is intended primarily for air 
navigators. In general, the information is similar to that of the Nautical Almanac, 
but is given to a precision of 1’ of arc and 15 of time, at intervals of 10™ (values for 
the sun and Aries are given to a precision of 0/1). This publication is suitable for 
ordinary navigation at sea, but may lack the precision that is sometimes needed. 
The Air Almanac is a joint publication of the U.S. Naval Observatory and H. M. 
Nautical Almanac Office, Royal Greenwich Observatory. Extracts from the Air 
Almanac are given in appendix G. 

A highly abbreviated, long-term almanac is given in appendix H. Because of the 
large intervals between entries, and the fact that no provision is made for nutation, 
information taken from this almanac may be of reduced accuracy. Although this 
accuracy is sufficient for most purposes of navigation, the almanac is not as conven- 
ient to use as either of those published by the U.S. Naval Observatory, and is not 
recommended when one of them is available. Instructions for its use are included in 
appendix H. 

The Explanatory Supplement to The Astronomical Ephemeris and to The Ameri- 
can Ephemeris and Nautical Almanac, contains detailed explanations of the basis and 
derivation of each ephemeris in the AF in the edition for 1960; it also contains 
other useful material that is relevant to positional and dynamical astronomy and to 


520 


THE ALMANAC 521 


chronology. Footnotes indicate the changes that have been introduced since 1960 
and it contains a reprint of The Supplement to A.E. 1968, which gives an account of 
the introduction of the IAU (1964) system of astronomical constants. It was pub- 
lished by H. M. Stationery Office, London, but is now out of print (1984). A new 
Explanatory Supplement to the Astronomical Almanac is in preparation. 

1902. Nautical Almanac.—The major portion of the Nautical Almanac is devot- 
ed to hourly tabulation of Greenwich hour angle and declination, to the nearest 0/1 
of arc. On each set of facing pages, information is given for three consecutive days. 
On the left-hand page, successive columns give GHA of Aries and both GHA and 
declination of Venus, Mars, Jupiter, and Saturn, followed by the SHA and declina- 
tion of 57 stars. The GHA and declination of the sun and moon, and the horizontal 
parallax of the moon, are given on the right-hand pagé’<Where applicable, the 
quantities v and d are given to assist in interpolation. The quantity v is the 
difference between the actual change of GHA in 1 hour and a constant value used 
in the interpolation tables, while d is the change in declination in 1 hour. Both v 
and d are given to the nearest 0/1. To the right of the moon data is given the LMT 
(art. 1817) of sunrise, sunset, and beginning and ending of nautical and civil twi- 
light for various latitudes from 72°N to 60°S. The LMT of moonrise and moonset at 
the same latitudes is given for each of the three days for which other information is 
given, and for the following day. Magnitude (art. 1405) of each planet at GMT 1200 
of the middle day is given at the top of the column. The GMT (art. 1814) of transit 
across the celestial meridian of Greenwich is given as ‘‘Mer. Pass.’”’ The value for 
the first point of Aries for the middle of the three days is given to the nearest 071 
at the bottom of the Aries column. The time of transit of the planets for the middle 
day is given to the nearest whole minute, with SHA (at GMT 0000 of the middle 
day) to the nearest 0/1, below the list of stars. For the sun and moon, the time of 
transit to the nearest whole minute is given for each day. For the moon, both upper 
and lower transits are given. This information is tabulated below the rising, setting, 
and twilight information. Given there, also, are the equation of time for 0P and 12, 
and the age and phase of the moon (art. 1423). Equation of time is given, without 
sign, to the nearest whole second. Age is given to the nearest whole day. Phase is 
given by symbol. 

The main tabulation is preceded by a list of religious and civil holidays, phases 
of the moon, a calendar, information on eclipses occurring during the year, and 
notes and a diagram giving information on the planets. 

The main tabulation is followed by explanation and examples. Next are four 
pages of standard times (zone descriptions) in use in various places in the world. 
Star charts are given next, followed by a list of 173 stars in order of increasing 
sidereal hour angle. This list includes the stars given on the daily pages. It gives 
the SHA and declination each month, and the magnitude. Stars are listed by 
Bayer’s name and also by popular name where there is one. Following the star list 
are three pages of Polaris tables giving the azimuth and the corrections to be 
applied to the observed altitude to find the latitude. Next is a table for converting 
arc to time units. This is followed by a 30-page table called “Increments and 
Corrections,” used for interpolation of Greenwich hour angle and declination. This 
table is printed on tinted paper, for quick location. Then come tables for interpolat- 
ing for times of rising, setting, and twilight; followed by two indices of the 57 stars 
listed on the daily pages, one index being in alphabetical order, and the other in 


order of decreasing SHA. 
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Sextant altitude corrections are given at the front and back of the almanac. 
Tables for the sun, stars, and planets, and a dip table, are given on the inside front 
cover and facing page, with an additional correction for nonstandard temperature 
and atmospheric pressure on the following page. Tables for the moon, and an 
abbreviated dip table, are given on the inside back cover and facing page. Use of the 
altitude correction tables is explained in chapter XVI. Corrections for the sun, 
stars, and planets for altitudes greater than 10°, and the dip table, are repeated on 
one side of a loose bookmark. The star indices are repeated on the other side. 

1903. Air Almanac.—As in the Nautical Almanac, the major portion of the Air 
Almanac is devoted to a tabulation of GHA and declination. However, in the Air 
Almanac values are given at intervals of 10 minutes, to a precision of 0/1 for the 
sun and Aries and to a precision of 1’ for the moon and the planets. Values are 
given for the sun, first point of Aries (GHA only), the three navigational planets 
most favorably located for observation, and the moon. The magnitude of each planet 
listed is given at the top of its column, and the phase of the moon is given at the 
top of its column. Values for the first 12 hours of the day are given on the right- 
hand page, and those for the second half of the day on the back. In addition, the 
right-hand page has a table of the moon’s parallax in altitude, and below this the 
semidiameter of the sun, and both the semidiameter and age of the moon (art. 
1423). Each daily page includes the LMT of moonrise and moonset; and a difference 
column for finding the time of moonrise and moonset at any longitude. 

Critical tables for interpolation for GHA are given on the inside front cover, 
which also has an alphabetical listing of the stars, with the number, magnitude, 
SHA, and declination of each. The same interpolation table and star list are printed 
on a flap which follows the daily pages. This flap also contains a star chart, a star 
index in order of decreasing SHA, and a table for interpolation of the LMT of 
moonrise and moonset for longitude. 

Following the flap are instructions for the use of the almanac; a list of symbols 
and abbreviations in English, French, and Spanish; a list of time differences be- 
tween Greenwich and various other places; a number of sky diagrams (art. 2212); a 
planet location diagram (art. 2209); star recognition diagrams for periscopic sex- 
tants; sunrise, sunset, and civil twilight tables; rising, setting, and depression 
graphs; semiduration graphs of sunlight, twilight, and moonlight in high latitudes; 
list of 173 stars by number and Bayer’s name (also popular name where there is 
one), giving the SHA and declination each month (to a precision of 0/1), and the 
magnitude; tables for interpolation of GHA sun and GHA Aries; a table for convert- 
ing arc to time; a single Polaris correction table; an aircraft standard dome refrac- 
tion table; a refraction correction table; a Coriolis correction table; and on the 
inside back cover a correction table for dip of the horizon. 

1904. Use of the almanacs.—The time used as an entering argument in the 
almanacs is 12" + Greenwich hour angle of the mean sun and is denoted by GMT. 
This scale may differ from the broadcast time signals by an amount which, if 
ignored, will introduce an error of up to 0/2 in longitude determined from astro- 
nomical observations. The difference arises because the time argument depends on 
the variable rate of rotation of the earth while the broadcast time signals are now 
based on an atomic time-scale. Step adjustments of exactly one second are made to 
the time signals as required (primarily at 24" on December 31 and June 30) so that 
the difference between the time signals and GMT, as used in the almanacs, may not 
exceed 089. Those who require to reduce observations to a precision of better than 15 
must therefore obtain the correction to the time signals from coding in the signal, 
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or from other sources. The correction may be applied to each of the times of 
observation. Alternatively, the longitude, when determined from astronomical ob- 


servations, may be corrected by the corresponding amount shown in the following 
table: 


Correction to time signals Correction to longitude 
— 087 to —089 0/2 to east 
— 036 to —083 0/1 to east 
— 082 to + 082 no correction 
+083 to + 086 0/1 to west 
+087 to +089 0/2 to west 


The main contents of the almanacs consist of data from which the Greenwich 
hour angle (GHA) and the declination (Dec.) of all the bodies used for navigation 
can be obtained for any instant of Greenwich mean time (GMT). The local hour 
angle (LHA) can then be obtained by means of the formula: 


— west 
LHA=GHA longitude. 
+ east 


For the sun, moon, and the four navigational planets, the GHA and declination 
are tabulated directly in the Nautical Almanac for each hour of GMT throughout 
the year; in the Air Almanac, the values are tabulated for each whole 10™ of GMT. 
For the stars the sidereal hour angle (SHA) is given, and the GHA is obtained from: 


GHA Star=GHA Aries+SHA Star. 


The SHA and declination of the stars change slowly and may be regarded as 
constant over periods of several days or even months if lesser accuracy is required. 
The SHA and declination of stars tabulated in the Air Almanac may be considered 
constant to a precision of 1/5 to 2’ for the period covered by each of the volumes 
providing the data for a whole year, with most data being closer to the smaller 
value. GHA Aries, or the Greenwich hour angle of the first point of Aries (the 
vernal equinox), is tabulated for each hour of GMT in the Nautical Almanac and 
for each whole 10™ of GMT in the Air Almanac. Permanent tables give the appro- 
priate increments to the tabulated values of GHA and declination for the minutes 
and seconds of GMT. 

In the Nautical Almanac, the permanent table for increments also includes 
corrections for v, the difference between the actual change of GHA in one hour and 
a constant value used in the interpolation tables and d, the change in declination in 
1 hour. 

In the Nautical Almanac, v is always positive unless a negative sign (—) is 
given. This can occur only in the case of Venus. For the sun, the tabulated values of 
GHA have been adjusted to reduce to a minimum the error caused by treating vu as 
negligible; there is no v tabulated for the sun. 

No sign is given for tabulated values of d, which is positive if declination is 
increasing, and negative if it is decreasing. The sign of a v or d value is given also 
to the related correction. 

In the Air Almanac, the tabular values of the GHA of the moon are adjusted so 
that use of an interpolation table based on a fixed rate of change gives rise to 
negligible error; no such adjustment is necessary for the sun and planets. The 
tabulated declination values, except for the sun, are those for the middle of the 
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interval between the time indicated and the next following time for which a value 
is given, making interpolation unnecessary. Thus, it is always important to take out 
the GHA and declination for the tabular GMT immediately before the time of 
observation. F 

In the Air Almanac, GHA Aries and the GHA and declination of the sun are 
tabulated to a precision of 0/1. If these values are extracted with the tabular 
precision, the “Interpolation of GHA” table on the inside front cover (and flap) 
should not be used; use the “Interpolation of GHA Sun” and “Interpolation of GHA 
Aries” tables, as appropriate. These tables for interpolation to a precision of 0/1 
just precede the Polaris Table. 

The instructions in the explanation of each volume to ignore the decimal in 
smaller type when extracting GHA Aries and GHA and declination of the sun to a 
precision of 1’ instead of rounding-off in the normal way are intended for the air 
navigator. 

1905. Finding GHA and declination of the sun.— Nautical Almanac. Enter the 
daily-page table with the whole hour next preceding the given GMT, unless this 
time is itself a whole hour, and take out the tabulated GHA and declination. 
Record, also, the d value given at the bottom of the declination column. Next, enter 
the increments and corrections table for the number of minutes of GMT. If there 
are seconds, use the next earlier whole minute. On the line corresponding to the 
seconds of GMT take the value from the sun-planets column. Add this to the value 
of GHA from the daily page to find GHA at the given time. Next, enter the 
correction table for the same minute with the d value, and take out the correction. 
Give this the sign of the d value, and apply it to the declination from the daily 
page. The result is the declination at the given time. 

Example 1.—Find the GHA and declination of the sun at GMT 18524™37* on 
June 1, 1975, using the Nautical Almanac. 


Solution.— 
Sun Sun 
GMT 18524™37* June 1 GMT 18524™37s June 1 
188 90°34'3 18h 22°02'5 Nd(+)0/3 
24m375 —- 6°09/3 C.COkTamne Ged 
GHA  96°43/6 Dec. 22°02'6 N 


The correction table for GHA of the sun is based upon a rate of change of 15° 
per hour, the average rate during a year. At most times the rate differs slightly 
from this. The slight error thus introduced is minimized by adjustment of the 
tabular values. 

The d value is the amount that the declination changes between 1200 and 1300 
on the middle day of the three shown. 

Air Almanac. Enter the daily page with the whole 10™ next preceding the given 
GMT, unless the time is itself a whole 10™, and extract the tabulated GHA. The 
declination is extracted, without interpolation, from the same line as the tabulated 
GHA or, in the case of planets, the top line of the block of six. If the values 
extracted are rounded to the nearest minute, next enter the “Interpolation of 
GHA” table on the inside front cover (and flap), using the ‘“‘Sun, etc.’”’ entry column, 
and take out the value for the remaining minutes and seconds of GMT. If the entry 
time is an exact tabulated value, use the correction given half a line above the 
entry time. Add this correction to the GHA taken from the daily page to find the ~ 
GHA at the given time. No adjustment of declination is needed. If the values are 
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extracted with a precision of 0/1, the table for interpolating the GHA of the sun to 
a precision of 0'1 must be used. No adjustment of declination is needed. 

Example 2.—Find the GHA and declination of the sun at GMT 18"24™875 on 
June 1, 1975, using the Air Almanac. 


Solution.— 
Sun Sun 
GMT 18524™37§ June 1 GMT 18'24™375 June 1 
18220" 95°34’ 18520™ 95°34/83 
Ams 1°09’ 4m37s 1°09/3 
GHA 96°43’ GHA 96°43/6 
Dec. 22°03’ N Dec. 22°02/6 N 


1906. Finding GHA and declination of the moon.—Nautical Almanac. Enter 
the daily-page table with the whole hour next preceding the given GMT, unless this 
time is itself a whole hour, and take out the tabulated GHA and declination. 
Record, also, the corresponding v and d values tabulated on the same line, and 
determine the sign of the d value. The v value of the moon is always positive (+), 
and is not marked in the almanac. Next, enter the increments and corrections table 
for the minutes of GMT, and on the line for the seconds of GMT take the GHA 
correction from the moon column. Then, enter the correction table for the same 
minute with the v value, and extract the correction. Add both of these corrections 
to the GHA from the daily page to obtain the GHA at the given time. Then, enter 
the same correction table with the d value, and extract the correction. Give this 
correction the sign of the d value, and apply it to the declination from the daily 
page to find the declination at the given time. 

Example 1.—Find the GHA and declination of the moon at GMT 21525™44s on 
June 1, 1975, using the Nautical Almanac. 


Solution.— 
Moon Moon 
GMT 21525™44* June 1 GMT 21525™44* June 1 
21h 225°28'1 215 3°06/8S d(—)10°7 
25™445 6°08/4 v(+)15‘8 dcorr. (—)4‘5 
veorr. (+)6:7 Dec. 3°02/3S 


GHA 231°43/2 


The correction table for GHA of the moon is based upon the minimum rate at 
which the moon’s GHA increases, 14°19/0 per hour. The v correction makes the 
adjustment for the actual rate. The v value itself is the difference between the 
minimum rate and the actual rate during the hour following the tabulated time. 
The d value is the amount that the declination changes during the hour following 
the tabulated time. 

Air Almanac. Enter the daily page with the whole 10™ next preceding the given 
GMT, unless this time is itself a whole 10™, and take out the tabulated GHA and 
the declination, without interpolation. Next, enter the “Interpolation of GHA” table 
on the inside front cover, using the “moon” entry column, and take out the value 
for the remaining minutes and seconds of GMT. If the entry time is an exact 
tabulated value, use the correction given half a line above the entry time. Add this 
correction to the GHA taken from the daily page to find the GHA at the given 
time. No adjustment of declination is needed. 
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Example 2.—Find the GHA and declination of the moon at GMT 21°25™44* on 
June 1, 1975, using the Air Almanac. 
Solution.— 


4 


Moon 
GMT 21525™44s June 1 
2120" 230°20' 


5m44s 1°23’ 
GHA =. 231°43' 
Dec. 3°02'S 


The declination given in the table is correct for the time 5 minutes later than 
tabulated, so that it can be used for the 10-minute interval without interpolation, to 
an accuracy to meet most requirements. If greater accuracy is needed, it can be 
obtained by interpolation, remembering to allow for the 5 minutes indicated above. 

1907. Finding GHA and declination of a planet.—Nautical Almanac. Enter the 
daily-page table with the whole hour next preceding the given GMT, unless the 
time itself is a whole hour, and take out the tabulated GHA and declination. 
Record, also, the v value given at the bottom of each of these columns. Next, enter 
the increments and corrections table for the minutes of GMT, and on the line for 
the seconds of GMT take the GHA correction from the sun-planets column. Next, 
enter the correction table with the v value and extract the correction, giving it the 
sign of the v value. Add the first correction to the GHA from the daily page, and 
apply the second correction in accordance with its sign, to obtain the GHA at the 
given time. Then, enter the correction table for the same minute with the d value, 
and extract the correction. Give this correction the sign of the d value, and apply it 
to the declination from the daily page to find the declination at the given time. 

Example 1.—Find the GHA and declination of Venus at GMT 5'24™07° on June 
2, 1975, using the Nautical Almanac. 


Solution.— 
Venus Venus 
GMT 5'24™07§ June 2 GMT 5®24™075 June 2 
5h 206°59/4 5h 23°30/8 N d(—)0/5 
24™075 6°01/8 v(—)0/4 dcorr. (—)0‘2 
OP COrr, | (Us Dec. 23°30'6 N 


GHA 213°01'0 


The correction table for GHA of planets is based upon the mean rate of the 
sun, 15° per hour. The v value is the difference between 15° and the change of GHA 
of the planet between 1200 and 1300 on the middle day of the three shown. The d 
value is the amount that the declination changes between 1200 and 1300 on the 
middle day. 

Venus is the only body listed which ever has a negative v value. 

Air Almanac. Enter the daily page with the whole 10™ next preceding the given 
GMT, unless this time is itself a whole 10™, and extract the tabulated GHA and 
declination, without interpolation. The tabulated declination is correct for the time 
30™ later than tabulated, so that interpolation during the hour following tabulation 
is not needed for most purposes. Next, enter the “Interpolation of GHA”’ table on 
the inside front cover, using the ‘‘sun, etc.” column, and take out the value for the 
remaining minutes and seconds of GMT. If the entry time is an exact tabulated - 
value, use the correction half a line above the entry time. Add this correction to the 
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GHA from the daily page to find the GHA at the given time. No adjustment of 
declination is needed. 


Example 2.—Find the GHA and declination of Venus at GMT 5'48™45s on June 
2, 1975, using the Air Almanac. 
Solution.— 
Venus 
GMT 554845 June 2 
5240™) 216559’ 


8™455 elle 
GHA 219°10' 
Dec. Sy AW IN 


The declination is taken for the next earlier tabulated time, and is correct for 
GMT 5'45™. 

1908. Finding GHA and declination of a star.—If the GHA and declination of 
each navigational star were tabulated separately, the almanacs would be several 
times their present size. But since the sidereal hour angle (art. 1426) and the 
declination are nearly constant over several days (to the nearest 0/1) or months (to 
the nearest 1’), separate tabulations are not needed. Instead, the GHA of the first 
point of Aries, from which SHA is measured, is tabulated on the daily pages, and a 
single listing of SHA and declination is given for each double page of the Nautical 
Almanac, and for an entire volume of the Air Almanac. The finding of GHA T° is 
similar to finding GHA of the sun, moon, and planets. 

Nautical Almanac. Enter the daily-page table with the whole hour next preced- 
ing the given GMT, unless this time is itself a whole hour, and take out the 
tabulated GHA . Record, also, the tabulated SHA and declination of the star from 
the listing on the left-hand daily page. Next, enter the increments and corrections 
table for the minutes of GMT, and on the line for the seconds of GMT take the 
GHA correction from the Aries column. Add this correction and the SHA of the 
star to the GHA YY of the daily page to find the GHA of the star at the given time. 
No adjustment of declination is needed. 

Example 1.—Find the GHA and declination of Canopus at GMT 324™33* on 
June 2, 1975, using the Nautical Almanac. 


Solution.— 
Canopus 


GMT 3524™33* June 2 
35 294°58/0 


24m33°  —-6°093 
SHA 264°09/3 


GHA 205°16'6 
Dec. 52°41/1S 


The SHA and declination of 178 stars, including Polaris and the 57 listed on the 
daily pages, are given for the middle of each month, on almanac pages 268-273. For 
a star not listed on the daily pages this is the only almanac source of this informa- 
tion. Interpolation in this table is not necessary for ordinary purposes of navigation, 
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but is sometimes needed for precise results. Thus, if the SHA and declination of B 
Crucis (Mimosa) are desired for March 1, 1975, they are found by simple eye 
interpolation to by SHA 168°25/2 and Dec. 59°33°2S. 

If GHA °° is desired, it is found as indicated in example 1, but omitting the 
addition of SHA of a star. In the example GHA is 294°58/0+46°09/3=301°07‘3. 

Air Almanac. Enter the daily page with the whole 10™ next preceding the given 
GMT, unless this is itself a whole 10", and extract the tabulated GHA Y. Next, 
enter the “Interpolation of GHA” table on the inside front cover, using the “sun, 
etc.” entry column, and take out the value for the remaining minutes and seconds 
of GMT. If the entry time is an exact tabulated value, use the correction given half 
a line above the entry time. From the tabulation at the left side of the same page, 
extract the SHA and declination of the star. Add the GHA from the daily page and 
the two values taken from the inside front cover to find the GHA at the given time. 
No adjustment of declination is needed. 

Example 2.—Find the GHA and declination of Peacock at GMT 12°517™58* on 
June 1, 1975, using the Air Almanac. 


Solution.— 
Peacock 


GMT 12517™58* June 1 
12210852! 


7m58s 2°00’ 
SHA 54°03’ 

GHA 127°55’ 
Dec. 56°49'S 


Rising, Setting, and Twilight 


1909. Rising, setting, and twilight.—In both almanacs the times of sunrise, 
sunset, moonrise, moonset, and twilight information at various latitudes between 
72°N and 60°S are given to the nearest whole minute. By definition, rising or 
setting occurs when the upper limb of the body is on the visible horizon, assuming 
standard refraction for zero height of eye. Because of variations in refraction and 
height of eye, computation to a greater precision than 1” is not justified. 

In high latitudes some of the phenomena do not occur during certain periods. 
The symbols used to indicate this condition are: 

co Sun or moon does not set, but remains continuously above the horizon. 

ma Sun or moon does not rise, but remains continuously below the horizon. 

///| Twilight lasts all night. 

The Nautical Almanac makes no provision for finding the times of rising, 
setting, or twilight in polar regions. The Air Almanac has graphs for this purpose. 

In the Nautical Almanac, sunrise, sunset, and twilight tables are given only 
once for the middle of the three days on each page opening. For most purposes this 
information can be used for all three days. Both almanacs have moonrise and 
moonset tables for each day. 

The tabulations are in local mean time (art. 1817). On the zone meridian, this is 
the zone time (ZT). For every 15’ of longitude that the observer’s position differs 
from that of the zone meridian, the zone time of the phenomena differs by 1”, being 
later if the observer is west of the zone meridian, and earlier if he is east of the zone - 
meridian. The local mean time of the phenomena varies with latitude of the 
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observer, declination of the body, and hour angle of the body relative to that of the 
mean sun. 

Sunrise and sunset are also tabulated in the tide tables (from 76°N to 60°S) and 
in a supplement to the American ephemeris of 1946 entitled Tables of Sunrise, 
Sunset, and Twilight (from 75°N to 75°S). The meridian angle of any body at the 
time of its rising and setting can be computed by the formulas given in article 715 
of volume II. The data concerning the rising and setting of the sun and moon and 
the duration of twilight for high southern latitudes are published as graphs in 
United States Naval Observatory Circular No. 147, Sunlight, Moonlight, and Twi- 
light for Antarctica; these graphs are similar to the graphs in the Air Almanac for 
northern latitudes (art. 1912). 

1910. Finding time of sunrise and sunset.—Nautical Almanac. Enter the table 
on the daily page, and extract the LMT for the tabulated latitude next smaller than 
the observer’s latitude (unless this is an exact tabulated value). Apply a correction 
from table I on almanac page xxxii to interpolate for latitude, determining the sign 
of the correction by inspection. Then convert LMT to ZT by means of the difference 
in longitude (dA) between the local and zone meridians. 

Example.—Find the zone time of sunrise and sunset at lat. 43°31/4N, long. 
36°14/3W on June 1, 1975. 


Solution.— 
L 43°31/4N June 1 
» 86°14/3W 

Sunrise Sunset 
40° 04383 40° 1922 
TI (—)ll ALE ter al 
LMT 0422 LMT ~ 1933 
dA (4)25 dA (+)25 
Zl 0447 ZY 1958 


Air Almanac. The procedure is the same as that for the Nautical Almanac, 
except that the LMT is extracted from the tables of sunrise and sunset instead of 
the daily page, and latitude correction is by linear interpolation. 

The tabulated times are for the Greenwich meridian. Except in high latitudes 
near the times of the equinoxes, the time of sunrise and sunset varies so little from 
day to day that no interpolation is needed for longitude. If such an interpolation is 
considered justified, it can be made in the same manner as for the moon (art. 1912). 

In high latitudes, interpolation is not always possible. For instance, on June 1, 
1975, sunrise at latitude 66°N occurs at 0115, but at latitude 68°N the sun does not 
set. Between these two latitudes the time of sunrise might be found from the graphs 
in the Air Almanac, or by computation, as explained in article 715 of volume II. 
However, in such a marginal situation, the time of sunrise itself is uncertain, being 
greatly affected by a relatively small change of refraction or height of eye. 

1911. Finding time of twilight.—Morning twilight ends at sunrise, and evening 
twilight begins at sunset. The time of the darker limit can be found from the 
almanacs. The time of the darker limits of both civil and nautical twilights (center 
of the sun 6° and 12°, respectively, below the celestial horizon) is given in the 
Nautical Almanac. The Air Almanac provides tabulations of civil twilight from 60°S 
to 72°N. The brightness of the sky at any given depression of the sun below the 
horizon may vary considerably from day to day, depending upon the amount of 
cloudiness and other atmospheric conditions. In general, however, the most effective 
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period for observing stars and planets occurs when the center of the sun is between 
about 3° and 9° below the celestial horizon. Hence, the darker limit of civil twilight 
occurs at about the mid point of this period. At the darker limit of nautical twilight 
the horizon is generally too dark for good observations. At the darker limit of 
astronomical twilight (center of the sun 18° below the celestial horizon) full night 
has set in. The time of this twilight is given in the Astronomical Almanac. Its 
approximate value can be determined by extrapolation (art. 207, vol. IL) in the 
Nautical Almanac, noting that the duration of the different kinds of twilight is not 
proportional to the number of degrees of depression at the darker limit. More 
precise determination of the time at which the center of the sun is any given 
number of degrees below the celestial horizon can be determined by a large-scale 
diagram on the plane of the celestial meridian (art. 14382) or by computation (art. 
715, vol. ID). Duration of twilight in latitudes higher than 65°N is given in a graph 
in the Air Almanac. 

Nautical Almanac. The method of finding the darker limit of twilight is the 
same as that for sunrise and sunset (art. 1910). 

Example 1.—Find the zone time of beginning of morning nautical twilight and 
ending of evening nautical twilight at lat. 21°54‘7S, long. 109°34'2E on June 1, 
1975. 

Solution.— 

L 21°54'7S June 1 
» 109°34/2E 


Nautical Nautical 
twilight twilight 

20°S 0537 20°S 1819 
qed (+)3 ae If (JR 
LMT 0540 LMT 1816 
dA (= Slte dav (—)18 
ZT 0522 ZY 1758 


Air Almanac. The method of finding the darker limit of twilight is the same as 
that for sunrise and sunset as explained in article 1910. 

Example 2.—Find the zone time of beginning of morning civil twilight and 
ending of evening civil twilight at lat. 47°18‘8S, long. 87°28’3W on June 1, 1975. 


Solution.— 
L 47°18/8S June 1 
» 87°28/3W 
Civil Civil 
twilight twilight 
45°S 0654 45°S 1701 
corr. eat corr. (yi 
LMT 0701 LMT 1654 
ae) 10 dA 10 
ZT 0651 (twilight) ZX 1644 (twilight) 


Sometimes in high latitudes the sun does not rise but twilight occurs. This is 
indicated in the Air Almanac by the symbol mm in the sunrise and sunset column. 
To find the time of beginning of morning twilight, subtract half the duration of 
twilight as obtained from the duration of twilight graph from the time of meridian> 
transit of the sun; and for the time of ending of evening twilight, add it to the time 
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of meridian transit. The LMT of meridian transit never differs by more than 164 
(approximately) from 1200. The actual time on any date can be determined from the 
almanac. 

1912. Finding time of moonrise and moonset is similar to finding time of 
sunrise and sunset, with one important difference. Because of the moon’s rapid 
change of declination, and its fast eastward motion relative to the sun, the time of 
moonrise and moonset varies considerably from day to day. These changes of 
position on the celestial sphere (art. 1403) are continuous, as moonrise and moonset 
occur successively at various longitudes around the earth. Therefore, the change in 
time is distributed over all longitudes. For precise results, it would be necessary to 
compute the time of the phenomena at any given place, by the method described in 
article 715 of volume II. For ordinary purposes of navigation, however, it is suffi- 
ciently accurate to interpolate between consecutive moonrises or moonsets at the 
Greenwich meridian. Since apparent motion of the moon is westward, relative to an 
observer on the earth, interpolation in west longitude is between the phenomenon 
on the given date and the following one. In east longitude it is between the 
phenomenon on the given date and the preceding one. 

Nautical Almanac. For the given date, enter the daily-page table with latitude, 
and extract the LMT for the tabulated latitude next smaller than the observer’s 
latitude (unless this is an exact tabulated value). Apply a correction from table I of 
the almanac “Tables for Interpolating Sunrise, Moonrise, etc.” to interpolate for 
latitude, determining the sign of the correction by inspection. Repeat this procedure 
for the day following the given date, if in west longitude; or for the day preceding, if 
in east longitude. Using the difference between these two times, and the longitude, 
enter table II of the almanac “Tables for Interpolating Sunrise, Sunset, etc.” and 
take out the correction. Apply this correction to the LMT of moonrise or moonset at 
the Greenwich meridian on the given date to find the LMT at the position of the 
observer. The sign to be given the correction is such as to make the corrected time 
fall between the times for the two dates between which interpolation is being made. 
This is nearly always positive (+) in west longitude and negative (—) in east 
longitude. Convert the corrected LMT to ZT. 

Example 1.—Find the zone time of moonrise and moonset at lat. 58°23/6N, 
long. 144°07/5W on June 1, 1975, using the Nautical Almanac. 


Solution.— 
L 58°23/6N June 1 
» 144°07/5W 
Moonrise Moonset 
58°N 0007 June 1 58°N 1110 June 1 
TI (+)1 we cam 


LMT (G) 0008 June 1 LMT (G) 1109 June 1 
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58°N 0021 June 2 58°N 1221 June 2 
TI 0 TI 0 
LMT (G) 0021 June 2 LMT (G) 1221 June 2 
LMT (G) 0008 June 1 LMT (G) 1109 June 1 
diff. 13 diff. 2 
4p ih (+)5 AM TUL (+)28 
LMT (G) 0008 June 1 LMT (G) 1109 June 1 
LMT 0013 June 1 LMT 1137 June 1 
den ce ya dno (24 
ZT 2349 May 31 ZT 1113 June 1 


Air Almanac. For the given date, determine LMT for the observer’s latitude at 
the Greenwich meridian, in the same manner as with the Nautical Almanac, except 
that linear interpolation is made directly from the main tabulation, since no inter- 
polation table is provided. Extract, also, the value from the “Diff.” column to the 
right of the moonrise and moonset column, interpolating if necessary. This “Diff.” is 
one-fourth of one-half of the daily difference. The error introduced by this approxi- 
mation is generally not more than a few minutes, although it increases with 
latitude. Using this difference, and the longitude, enter the “Interpolation of Moon- 
rise, Moonset” table on flap F4 of the Air Almanac and take out the correction. The 
Air Almanac recommends the taking of the correction from this table without 
interpolation. The results thus obtained are sufficiently accurate for ordinary pur- 
poses of navigation. If greater accuracy is desired, the correction can be taken by 
interpolation. However, since the “Diff.” itself is an approximation, the Nautical 
Almanac or computation (art. 715, vol. II) should be used if accuracy is a consider- 
ation. Apply the correction to the LMT of moonrise or moonset at the Greenwich 
meridian on the given date to find the LMT at the position of the observer. The 
correction is positive (+) for west longitude, and negative (—) for east longitude, 
unless the “Diff.” on the daily page is preceded by the negative sign (—), when the 
correction is negative (—) for west longitude, and positive (+) for east longitude. If 
the time is near midnight, record the date at each step, as in the Nautical Almanac 
solution. 

Example 2.—Find the zone time of moonrise and moonset at lat. 58°23/6N, 
long. 144°07/5W on June 1, 1975, using the Air Almanac. 


Solution.— 
L 58°23/6N June 1 
r 144°07/5W 
Moonrise Moonset 

diff. (+)07 diff. (+)36 
58°N 0007 58°N 1110 
corr. (4+)1 corr. (Sy 
LMT (G) 0008 LMT (G) 1109 
corr. (+)4 corr. (+)29 
LMT 0012 LMT 1138 
dA C24 dav (—)24 


ZT 2348 May 31 ZT 1114 
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As with the sun, there are times in high latitudes when interpolation is 
inaccurate or impossible. At such periods, the times of the phenomena themselves 
are uncertain, but an approximate answer can be obtained by moonlight graph in 
the Air Almanac or by computation, as explained in article 715 of volume II. With 
the moon, this condition occurs when the moon rises or sets at one latitude, but not 
at the next higher tabulated latitude, as with the sun. It also occurs when the moon 
rises or sets on one day but not on the preceding or following day. This latter 
condition is indicated in the Air Almanac by the symbol * in the “Diff.” column. 

Because of the eastward revolution of the moon around the earth, there is one 
day each synodical month (29% days) when the moon does not rise, and one day 
when it does not set. These occur near last quarter and first quarter, respectively. 
Since this day is not the same at all latitudes or at all longitudes, the time of 
moonrise or moonset found from the almanac may occasionally be the preceding or 
succeeding one to that desired. When interpolating near midnight, one should 
exercise caution to prevent an error. 

Refer to the right-hand daily page of the Nautical Almanac for June 12, 18, 14 
(app. F). On June 18 moonset occurs at 2350 at latitude 70°N, and at 0031 at 
latitude 72°N. These are not the same moonset, the one at 0031 occurring approxi- 
mately 1 day later than the one occurring at 2350. This is indicated by the two 
times, which differ by nearly 24 hours. The table indicates that with increasing 
northerly latitude, moonset occurs later. Between 70°N and 72°N the time crosses 
midnight to the following day. Hence, between these latitudes interpolation should 
be made between 2350 on June 18 and 0007 on June 14. 

The effect of the revolution of the moon around the earth is to cause the moon 
to rise or set later from day to day. The daily retardation due to this effect does not 
differ greatly from 50™. The change in declination of the moon may increase or 
decrease this effect. The effect due to change of declination increases with latitude, 
and in extreme conditions it may be greater than the effect due to revolution of the 
moon. Hence, the interval between successive moonrises or moonsets is more erratic 
in high latitudes than in low latitudes. When the two effects act in the same 
direction, daily differences can be quite large. Thus, at latitude 72°N the moon rises 
at 0550 on June 13, and at 0806 on June 14. When they act in opposite directions, 
they are small, and when the effect due to change in declination is larger than that 
due to revolution, the moon sets earlier on succeeding days. Thus, at latitude 72°N 
the moon sets at 0031 on June 13, and at 0007 on June 14. This condition is 
reflected in the Air Almanac by a negative “Diff.” If this happens near last quarter 
or first quarter, two moonrises or moonsets might occur on the same day, one a few 
minutes after the day begins, and the other a few minutes before it ends. On June 
14, 1975, for instance, at latitude 7 2°N, the moon sets at 0007, rises at 0806, and sets 
again at 2350 the same day. On those days on which no moonrise or no moonset 
occurs, the next succeeding one is shown with 24" added to the time. Thus, at 
latitude 68°N the moon rises at 2342 on May 25, while the next moonrise occurs 
24445™ later, at 0027 on May 27. This is listed both as 2427 on May 26 and as 0027 
on May 27 (not shown in app. F). 

Interpolation for longitude is always made between consecutive moonrises or 
moonsets, regardless of the days on which they fall. 

Example 3.—Find the zone time of moonset at lat. 71°38/7N, long. 56°21.8W 
during the night of June 13-14, 1975, using the Nautical Almanac. 
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tion.— 
Saas L 71°38/7N June 13-14 
»r 56°21/8W 
: Moonset 
T0°N 2350 June 13 
i (+)15 
LMT (G) 0005 June 14 
T0°N 2342 June 14 
TH caciot 67, 
LMT (G) 2349 June 14 
LMT (G) 0005 June 14 
diff. ‘16 
TI (—)2 
LMT (G) 0005 June 14 
LMT 0003 June 14 
da Se) 
ZT 2348 June 13 


Interpolation for the first entry is between 2350 on June 13 (lat. 70°N) and 0007 
on June 14 (lat. 72°N); for the second entry, between 2342 on June 14 and 2350 on 
June 14. 

Beyond the northern limits of the almanacs the values can be obtained from a 
series of graphs given near the back of the Air Almanac. These graphs are shown in 
appendix G. For high latitudes, graphs are used instead of tables because graphs 
give a clearer picture of conditions, which may change radically with relatively 
little change in position or date. Under these conditions interpolation to practical 
precision is simpler by graph than by table. In those parts of the graph which are 
difficult to read, the times of the phenomena’s occurrence are themselves uncertain, 
being altered considerably by a relatively small change in refraction or height of 
eye. 

On all of these graphs any given latitude is represented by a horizontal line, 
and any given date by a vertical line. At the intersection of these two lines the 
duration is read from the curves, interpolating by eye between curves. 

The ‘Semiduration of Sunlight” graph gives the number of hours between 
sunrise and meridian transit or between meridian transit and sunset. The dot scale 
near the top of the graph indicates the LMT of meridian transit, the time repre- 
sented by the minute dot nearest the vertical dateline being used. If the intersec- 
tion occurs in the area marked “sun above horizon,” the sun does not set; and if in 
the area marked “sun below horizon,” the sun does not rise. 

Example 1.—Find the zone time of sunrise and sunset at lat. 71°30/0N, long. 
10°00/0W near Jan Mayen Island, on August 25, 1975. 


Solution.— 
August 25 
LMT 1202 LAN, from top of graph 
dav (—)20 
ZT 1142 LAN 
semidur. 840 from graph 


ZY 0302 sunrise (—semidur.) 
ZY 2022 sunset (-+semidur.) 
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A vertical line through August 25 passes nearest the dot representing LAN 
1202 on the scale near the top of the graph. This is LMT; at longitude 10°00/0W the 
ZT is 20™ earlier, or at 1142. The intersection of the vertical dateline with the 
horizontal latitude line occurs between the 8" and 9" curves, at approximately 
8"40™. Hence, sunrise occurs at this interval before LAN and sunset at this interval 
after LAN. 

The “Duration of Twilight” graph gives the number of hours between the 
beginning of morning civil twilight (center of sun 6° below the horizon) and sunrise, 
or between sunset and the end of evening civil twilight. If the sun does not rise, but 
twilight does occur, the time taken from the graph is half the total length of the 
single twilight period, or the number of hours from beginning of morning twilight 
to LAN, or from LAN to end of evening twilight. If the intersection occurs in the 
area marked “continuous twilight or sunlight,” the center of the sun does not get 
more than 6° below the horizon, and if in the area marked “no twilight nor 
sunlight,’ the sun remains more than 6° below the horizon throughout the entire 
day. 

Example 2.—Find the zone time of beginning of morning twilight and ending of 
evening twilight at the place and date of example 1. 


Solution.— 
Twilight Twilight 
ZY 0302 sunrise, from example 1 ZT 2022 sunset, from example 1 
dur. 153 from graph dur. 1538 from graph 
ZT 0109 morning twilight ZT 2215 evening twilight 


The intersection of the vertical dateline and the horizontal latitude line occurs 
approximately one-sixth of the distance from the 2" line toward the 1520™ line; or at 
about 1°53™. Morning twilight begins at this interval before sunrise, and evening 
twilight ends at this interval after sunset. 

The “Semiduration of Moonlight” graph gives the number of hours between 
moonrise and meridian transit or between meridian transit and moonset. The dot 
scale near the top of the graph indicates the LMT of meridian transit, each dot 
representing one hour. The phase symbols indicate the date on which the principal 
moon phases occur, the open circle indicating full moon and the dark circle indicat- 
ing new moon. If the intersection of the vertical dateline and the horizontal latitude 
line falls in the “moon above horizon” or “moon below horizon” area, the moon 
remains above or below the horizon, respectively, for the entire 24 hours of the day. 

If approximations of the times of moonrise and moonset are sufficient, the 
values of semiduration taken from the graph can be used without adjustment. For 
more accurate results, the times on the required date and the adjacent date (the 
following date in west longitude and the preceding date in east longitude) should be 
determined, and an interpolation made for longitude, as in any latitude, since the 
intervals given are for the Greenwich meridian. 

Example 3.—Find the zone time of moonrise and moonset at lat. 74°00‘0N, 
long. 108°00/0W on May 8, 1975, and the phase of the moon on this date. 
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Solution.— 
May 8 May 9 
LMT 0923 : LMT 1006 meridian transit, 
dA (+)12 dA (+)12 from graph 
ZT 0935 ZT 1018 meridian transit 
semidur. (ass semidur. 9615™ from graph 
ZT 0136 ZT 0103 (moonrise —semidur.) 
ZT 1734 ZT 1933 (moonset +semidur.) 
Moonrise Moonset 
ZT 0136 May 8 ZY 1734 May 8 
ZT 0108 May 9 ZT 1933 May 9 
diff. (css diff. (+)119 
33 < 108.0/360 (—)10 119108.0/ 360 (+) 86 
ZT 0126 ZY 1810 


The phase is crescent, about 2 days before new moon. The LMT of meridian 
transits are found by noting the intersections of the vertical datelines with the dot 
scale near the top of the graph, interpolating by eye. At longitude 108°00‘0W the 
ZT is 12™ later. The semiduration is found by noting the position, with respect to 
the semiduration curves, of the intersection of the vertical dateline with the hori- 
zontal latitude line. This interval is subtracted from the time of meridian transit to 
obtain moonrise, and added to obtain moonset. These solutions are made for both 
May 8 and 9, and the difference determined in minutes. The adjustment to be 
applied to the ZT on May 8 at Greenwich is determined by multiplying this 
difference by the ratio 4/360. The phase is determined by noting the position of the 
vertical dateline with respect to the phase symbols. If the answer indicates that the 
phenomenon occurs on a date differing from that desired, a new solution should be 
made, adjusting the starting date accordingly. The phenomenon may occur twice on 
the same day, or it may not occur at all. In high latitudes the effect on the time of 
moonrise and moonset of a relatively small change in declination is considerably 
greater than in lower latitudes, resulting in greater differences from day to day. 

Sunlight, twilight, and moonlight graphs are not given for south latitudes. 
Beyond latitude 65°S, the northern hemisphere graphs can be used for determining 
the semiduration or duration, by using the vertical dateline for a day when the 
declination has the same numerical value but opposite sign. The time of meridian 
transit and the phase of the moon are determined as explained above, using the 
correct date. Between latitudes 60°S and 65°S solution is made by interpolation 
between the tables and the graphs. 

Several other methods of solution of these phenomena are available. The Tide 
Tables tabulate sunrise and sunset from latitude 76°N to 60°S. A supplement to the 
American Ephemeris of 1946, entitled Tables of Sunrise, Sunset, and Twilight, 
provides tabulations from latitude 75°N to 75°S and graphs for semiduration of 
sunlight and duration of twilight, with separate graphs for civil, nautical, and 
astronomical twilights. Semiduration or duration can be determined graphically by 
means of a diagram on the plane of the celestial meridian (art. 1432), or by 
computation. When computation is used, solution is made for the meridian angle at- 
which the required negative altitude occurs. The meridian angle expressed in time 
units is the semiduration in the case of sunrise, sunset, moonrise, and moonset; and 


THE ALMANAC Dol 


the semiduration of the combined sunlight and twilight, or the time from meridian 
transit at which morning twilight begins or evening twilight ends. For sunrise and 
sunset the altitude used is (—)50’. Allowance for height of eye can be made by 
algebraically subtracting (numerically adding) the dip correction from this altitude. 
The altitude used for twilight is (—)6°, (—)12°, or (—)18° for civil, nautical, or 
astronomical twilight, respectively. The altitude used for moonrise and moonset is 
—34'—SD+HP, where SD is semidiameter and HP is horizontal parallax, from the 
daily pages of the Nautical Almanac. 

1913. Rising, setting, and twilight at a moving craft.—Instructions given in the 
preceding three articles relate to a fixed position on the earth. Aboard a moving 
craft the problem is complicated somewhat by the fact that time of occurrence 
depends upon position of the craft, and vice versa. At ship speeds, it is generally 
sufficiently accurate to make an approximate mental solution, and use the position 
of the vessel at this time to make a more accurate solution. If higher accuracy is 
required, the position at the time indicated in the second solution can be used for a 
third solution. If desired, this process can be repeated until the same answer is 
obtained from two consecutive solutions. However, it is generally sufficient to alter 
the first solution by 1™ for each 15’ of longitude that the position of the craft differs 
from that used in the solution, adding if west of the estimated position, and 
subtracting if east of it. In applying this rule, use both longitudes to the nearest 15’. 
The first solution is known as the first estimate; the second solution is the second 
estimate. 


CHAPTER XX 


SIGHT REDUCTION 


2001. Introduction.—The process of deriving from a celestial observation the 
information needed for establishing a line of position is called sight reduction. The 
observation itself consists of measuring the altitude of a celestial body and noting 
the time. The process of finding such a line of position may be divided into six steps: 

1. Correction of sextant altitude (ch. XVI). 

2. Determination of GHA and declination (ch. XIX). 

3. Selection of assumed position and finding local hour angle or meridian angle 
at that point. 

4. Computation of altitude and azimuth. 

5. Comparison of computed and observed altitudes. 

6. Plot of the line of position. 

Broadly speaking, tables which assist in any of these steps can be considered 
sight reduction tables. However, the expression is generally limited to tables in- 
tended primarily for computation of altitude and azimuth. A great variety of such 
tables exists. In chapter XXI various methods of sight reduction, including graphi- 
cal and mechanical solutions, are contrasted. All are based, directly or indirectly, 
upon solution of the navigational triangle (art. 1483). Thus, the process of sight 
reduction, in its limited sense, is one of converting coordinates of the celestial 
equator system (art. 1428) to those of the horizon system (art. 1430). 

The correction of the sextant altitude (hs) to find observed altitude (Ho) is not 
necessarily performed first. If any form of time other than GMT is used for timing 
the observation, it is first converted to GMT because this is the kind of time used 
for entering the almanacs. From the almanac, the GHA and declination are deter- 
mined. 

2002. Selection of the assumed position (AP).—The following variables are 
needed to compute the altitude and azimuth: 

1. Latitude (L). 

2. Declination (d or Dec.). 

3. Local hour angle (LHA) or meridian angle (t). 
Except for declination, these variables are dependent upon the position from which 
the altitude and azimuth are to be computed for the time of the observation. 
Although the dead reckoning or estimated position can be used, unnecessary inter- 
polation can be avoided when using modern sight reduction tables by selecting an 
AP for the reduction that will result in two of the three variables being exact entry 
values or table arguments. In these tables altitudes and azimuth angles are given 
for each whole degree of latitude and each whole degree of either meridian angle or 
local hour angle. Since the assumed position should be within 30’ of the actual 
position, the whole degree of latitude nearest to the DR or EP at the time of the 
sight is selected as the assumed latitude (aL). The assumed longitude (aA) is also 
selected within 30’ of the DR or EP so that no minutes of arc will remain after it is 
applied to GHA. This means that in west longitude the minutes of aA must be the 
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same as those of GHA; while in east longitude the minutes of aA must be equal to 
60’ minus the minutes of GHA. 

2003. Finding the local hour angle and meridian angle.—Meridian angle is the 
angular distance that the celestial body is east or west of the celestial meridian. It 
is found from local hour angle (LHA), which, in turn, is found from Greenwich hour 
angle by adding east longitude or subtracting west longitude. A time diagram (art. 
1428) is useful in visualizing this relationship. 

Example 1.—The GHA is 168°42'6. 

Required.—The LHA and t at (1) long. 187°24!/6W, and (2) 158°24/7E. 


Solution.— 
(1) GHA 168°42/6 (2)GHA 168°42'6 
r 187°24/6W » 158°24/7E 
LHA  31°18/0 LHA 3827°07/3 
t 31°18/0W i BRR rg, 


In west longitude, if GHA is less than longitude, add 360° to GHA before 
subtracting. In east longitude, if the sum exceeds 360°, subtract this amount. If 
LHA is less than 180°, it is numerically equal to meridian angle, which is labeled W 
(west). If LHA is greater than 180°, t is 360°—LHA and is labeled E (east). 

Example 2.—The GHA is 168°42'6; observations are made at (1) long. 
137°24’6W, and (2) long. 158°24!7E. 

Required.—The ad providing whole degrees of LHA and t. 


Solution.— 
(1)GHA 168°42/6 (2)GHA 168°42'6 
ad 137°42/6W ad 158°17/4E 
LHA  31°00/0 LHA 327°00/0 
t 31°00/0W t  33°00/0E 


2004. Comparison of computed and observed altitudes.—After appropriate cor- 
rections are applied to the sextant altitude (hs), the observed altitude (Ho) is 
obtained. For the instant of observation, the altitude and azimuth at some conven- 
ient assumed position (AP) near the actual position of the observer are determined 
by calculation or equivalent process. The difference between this computed altitude 
(He) and Ho is the altitude intercept (a), sometimes called altitude difference. 

Since a is the difference in altitude at the assumed and actual positions, it is 
also the difference in zenith distance, and therefore the difference in radii of the 
circles of equal altitude at the two places. The position having the greater altitude 
is on the circle of smaller radius, and hence is closer to the GP of the body. In 
figure 2004 the AP is shown on the inner circle. Hence, Hc is greater than Ho. 

The altitude intercept, the numerical difference between Hc and Ho, is custom- 
arily expressed in nautical miles (minutes of arc), and labeled T or A to indicate 
whether the line of position is toward or away from the GP, as measured from the 
AP. 

Two useful aids in labeling the intercept are: Coast Guard Academy for Com- 
puted Greater Away, and Ho Mo To for Ho More Toward. 


For example, 


He 37°51:6 He 61°57/3 
Ho 37°43/9 Ho.62:12H1 


a TTA a 15.4T 
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2005. Plot of the line of position.—The line of position can be plotted using 
part of the information within the broken circle of figure 2004, as shown in figure 
2005. First, the AP is plotted. The circle of equal altitude through this position is 
not needed, and is not plotted. From the AP the azimuth line is measured toward or 
away from the GP as appropriate, and the altitude intercept is measured along this 
line. At the point thus located, a line is drawn perpendicular to the azimuth line. 
This perpendicular is the line of position. 
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FiGuRE 2004.—The basis for the line of position from a celestial observation. 


FicurE 2005.—A line of position from observation of the star Capella at 0643. 


2006. Computation of altitude and azimuth.—In modern practice, solutions of 
the navigational triangle for altitude and azimuth are usually effected by means of 
sight reduction tables of the inspection type. These inspection tables may contain 
tabulations of altitude and azimuth angle for arguments of local hour angle (or- 
meridian angle), declination, and latitude, or tabulations of altitude and azimuth of 
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selected stars for arguments of epoch, latitude, and sidereal time (LHA ‘). Values 
are taken directly from the tables, without need for logarithms, auxiliary functions, 
or mathematical solutions (except interpolation). 

Mathematical solutions of altitude and azimuth angle are presented in chapter 
VII of volume II. Chapter IX of volume II contains examples of the use of loga- 
rithms and auxiliary functions in sight reduction. 

The principal inspection tables are Pub. No. 229, Sight Reduction Tables for 
Marine Navigation; Pub. No. 249, Sight Reduction Tables for Air Navigation; and 
Pub. No. 214, Tables of Computed Altitude and Azimuth. 

2007. Sight Reduction Tables for Marine Navigation (Pub. No. 229).—These 
tables are published by the Defense Mapping Agency Hydrographic/Topographic 
Center to facilitate the practice of celestial navigation at sea. A secondary purpose 
of the tables is to provide, within the limitations of the tabular precision and 
interval, a table of the solutions of the spherical triangle of which two sides and the 
included angle are known and it is necessary to find the values of the third side and 
adjacent angle. 

The tables have been designed primarily for use with the Marcq St.-Hilaire or 
intercept method of sight reduction, utilizing a position assumed or chosen so that 
interpolation for latitude and local hour angle is not required. For entering argu- 
ments of integral degrees of latitude, declination, and local hour angle, altitudes 
and their differences are tabulated to the nearest tenth of a minute, azimuth angles 
to the nearest tenth of a degree. But the tables are designed for precise interpola- 
tion of altitude for declination only by means of interpolation tables which facilitate 
linear interpolation and provide additionally for the effect of second differences (art. 
2008). The data are applicable to the solutions of sights of all celestial bodies; there 
are no limiting values of altitude, latitude, hour angle, or declination. 

The tables are divided into six volumes, each of which includes two eight-degree 
zones of latitude. An overlap of 1° occurs between volumes. The six volumes cover 
latitude bands 0° to 15°, 15° to 30°, 30° to 45°, 45° to 60°, 60° to 75°, and 75° to 90°. 

Each consecutive opening of the pages of a latitude zone differs from the 
preceding one by 1° of local hour angle (LHA). As shown in figures 2007a and 2007b, 
the values of LHA are prominently displayed at the top and bottom of each page; 
the horizontal argument heading each column is latitude, and the vertical argu- 
ment is declination (Dec.). For each combination of arguments, the tabulations are: 
the tabular altitude (ht or Tab. Hc), the altitude difference (d) with its sign, and the 
azimuth angle (Z). 

Within each opening, the data on the left-hand page are the altitudes, altitude 
differences, and azimuth angles of celestial bodies when the latitude of the observer 
has the same name as the declinations of the bodies. For any LHA tabulated on a 
left-hand page and any combination of the tabular latitude and declination argu- 
ments, the tabular altitude and associated azimuth angle respondents on the left- 
hand page are those of a body above the celestial horizon of the observer. 

The LHA’s tabulated on the left-hand pages are limited to the following ranges: 
0° increasing to 90°, and 360° decreasing to 270°. On any left-hand page there are 
two tabulated LHA’s, one LHA in the range 0° increasing to 90°, and the second in 
the range 360° decreasing to 270”. 

On the right-hand page of each opening, the data above the horizontal rules are 
the tabular altitudes, altitude differences, and azimuth angles of celestial bodies 
above the celestial horizon when the latitude of the observer has a name contrary 
to the name of the declinations of the bodies and the LHA’s of the bodies are those 
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27 46.9 380 103.7| 27 32.4 389 104.2| 2717.4 39.8 104.7| 2701.9 40.7 105.2] 26 46.0 41.4 105.7] 26 29.5 423 106.2] 26 12.5 43.1 106.7] 25 55.) 43.8 107.1 
28 24.9 3771028] 2811.3 38.6 103.3| 27 57.2 39.5 103.9| 27 42.6 40.3 104.4] 27 27.4 4121049) 2711.8 419 105.4] 26 55.6 428 105.9! 26 38.9 43.6 106.4 
7 
4 
8 


29 02.6 373101.9] 28 49.9 38.2 102.5] 28 36.7 39.1 103.0] 28 22.9 400 103.5] 28 08.6 406 104.1) 27 53.7 417 104.6| 27 38.4 425 105.1} 27 22.5 43.3 105.6 


29 39.9 + 37.0 101.0] 29 28.1 +37.9 101.6] 29 15.8 +3a.8 102.1 | 29 02.9+39.7 102.7] 28 49.4 + 40.6 103.2] 28 35.4+41.4 103.8} 28 20.9+42.2 104.3| 28 05.8 +43.) 104.8 
30 16.9 365 100.1| 30 06.0 37.5 100.7| 29 54.6 38.4 101.3] 29 42.6 39.3 101.8] 29 30.0 402 102.4| 29 16.8 41.1 102.9] 29 03.1 42.0 103.5| 28 48.9 42.8 104.0 
30 53.4 362 99.2] 30 43.5 37.2 99.8] 3033.0 381 100.4] 30 21.9 390 101.0] 30 10.2 399 101.5) 2957.9 408 102.1 | 29 45.1 41.6 102.7] 29 31.7 42.4 103.2 
31 29.6 35.8 98.3| 31 20.7 36.7 98.9] 31 11.1 37.7 99.5] 31 00.9 386 100.1] 30 50.1 39.6 100.7 30 38.7 40.5 101.2] 30 26.7 413101.8| 3014.1 42.2 102.4 
3205.4 353 97.3] 3157.4 363 97.9| 31 48.8 373 98.6] 31 39.5 383 99.2] 31 29.7 391 99.8) 3119.2 40.0 100.4] 31 08.0 41.0 101.0} 30 56.3 41.9 101.6 


32 40.7+349 96.4] 32 33.7+359 97.0] 32 26.1 +369 97.6] 32 17.8+37.8 98.3| 32 08.8+388 98.9] 31 59.2+39.8 99.5] 3) 49.0+40.6 100.1 | 31 38.2+41.5 100.7 
33 15.6 345 95.4| 3309.6 355 96.1] 3303.0 364 967) 3255.6 375 97.3/ 3247.6 384 98.0] 3239.0 393 98.6) 32 29.6 40.3 99.3) 3219.7 41.1 99.9 
33 50.1 339 94.4| 33 45.) 350 95.1] 3339.4 360 95.7| 3333.1 370 96.4] 33 26.0 380 97.1] 33183 389 97.7|3309.9 399 98.4 3300.8 408 99.0 
3424.0 335 93.4] 34 20.) 345 94.1] 9415.4 356 948| 3410.1 365 95.5] 3404.0 376 96.1] 3357.2 366 96.8) 33 49.8 395 97.5| 33 41.6 405 98.1 
3457.5 330 92.4] 3454.6 340 93.1] 3451.0 351 93.8] 34 46.6 361 94.5] 3441.6 371 95.2] 3435.8 381 95.9) 34293 391 96.6] 3422.1 400 97.2 


20 | 35 30.5+324 91.4| 35 28.6+33.6 92,)| 35 26.1 +345 92.8] 35 22.7+357 93.5| 35 187+366 94.2) 35 13.9+377 94.9] 35 08.4+386 95.6| 35 02.1+396 96.3 20 
21 36 02.9 31.9 90.4| 3602.2 329 91.1] 36006 341 91.8| 3558.4 351 92.5| 3555.3 362 99.3) 3551.6 372 94.0] 35 47.0 382 94.7) 35 41.7 392 95.4 21 
22 36 34.8 313 89.3| 3635.) 325 90.0] 36347 336 90.8| 3633.5 346 91.5] 3631.5 357 92.3] 36 288 367 93.0) 3625.2 378 93.7 36 20.9 388 94.5 22 
23 | 37:06.) 308 88.2| 3707.6 31.9 89.0| 3708.3 329 89.8] 3708.1 341 90.5| 3707.2 35.2 91.3] 3705.5 362 92.0] 3703.0 372 928 36 59.7 382 93.5 23 
24 | 3736.9 302 87.2| 3739.5 313 87.9] 37 41.2 325 887] 37 42.2 335 89.5| 3742.4 346 90.2) 37 41 357 91.0] 37 40.2 368 91.8] 3737.9 378 926 24 
7 
2. 


Caenouw 2wYn—-Oo CeNGuw 2un-0° 
OONGAU 2BWKW—SC C@NOU BWH—O ° 


ee 
eee ee wow 


9 
6 
8 
5 
7 
25 | 3807.1+295 86.)| 38 10.8+30.7 86.8| 38 13.7+31.8 87.6] 38 15.7+330 88.4| 38.17.0+340 89.2| 38.17.4+352 90.0| 38 170+362 90.8) 38 15.7+373 91.6 25 
26 | 3836.6 289 85.0] 3841.5 300 85.7| 3845.5 31.2 86.5| 38 48.7 324 87.4| 3851.0 335 88.2) 38526 346 89.0] 3853.2 357 89.8| 3853.0 x%8 90.6 26 
27 | 3905.5 283 83.8| 3911.5 295 84.6| 2916.7 306 85.4] 39 21.1 31.7 86.3] 39245 329 87.1| 3927.2 340 87.9] 39 28.9 35.2 88.7 39 29.8 363 89.6 27 
28 | 3933.8 275 82.7| 3941.0 287 83.5| 3947.3 300 84.3] 3952.8 311 85.2| 3957.4 323 86.0) 4001.2 334 868) 40041 345 87.7 40 06.1 35.6 88.5 28 
6 
4 
6 
c0) 
8 
s) 
2 
8 


30 | 40 28.2+261 80.4] 40 37.8+27.4 81.2] 40 46. 
31 40 54.3 255 79.2] 4105.2 266 80.0} 41 15. 
32 | 4119.8 246 78.0] 41 31.8 25.9 78.8/ 41 43: i] 
33 | 41 44.4 239 76.8] 4) 57.7 251 77.6| 4210.1 264 78.5| 4221.6 276 79.4| 4232.2 288 80.3] 42 41. 
34 | 42083 230 75.5| 4222.8 244 76.4| 4236.5 256 77.3] 42 49.2 269 78.2] 4301.0 281: 79.1} 4311. 

1 


35 | 42.31.3+223 74.3] 42 47.2+235 75.2] 43 02.1+248 76.1| 43 16.1+260 77.0] 43 29.1+27.3 77.9| 43 41.2+286 78.8| 4352.4+298 79.8) 4402.6+310 80.7 35 
36 | 4253.6 214 73.0| 4310.7 227 73.9| 43 269 239 748] 4342.1) 253 75.7| 4356.4 265 76.7| 4409.8 278 77.6] 44222 290 78.6| 44336 23 79.5 36 
37 | 4315.0 205 71.7| 4333-4 218 72.6| 4350.8 231 73.5| 4407.4 243 74.5| 4422.9 257 75.4| 4437.6 269 76.4| 4451.2 283 77.3) 45039 295 78.3 37 
36 | 4335.5 197 70.4] 4355.2 209 71.3| 4413.9 222 72.3| 4431.7 236 73.2| 44 48.6 248 74.1] 4504.5 261 75.1] 4519.5 274 76.1| 45 33.4 287 77.1 38 
39 43 55.2 187 69.1| 4416.1 200 70.0] 4436.1 214 71.0] 4455.3 226 71.9145 13.4 240 72.9] 4530.6 253 73.8) 45 46.9 265 74.8] 4602.1 278 75.8 39 


40 | 44 13.9+17.8 67.8] 44 36.1+19.2 68.7] 44 57.5+20.4 69.6] 45 *~ z 715| 45 55.9+243 72.5] 46 13.4+25.6 73.5| 46 29.9+270 745 40 
4) 4431.7 169 66.5| 4455.3 181 67.4) 4517.9 195 68° (N) 23.4 71.2} 4639.0 248 72.2| 46569 260 73.2 41 
42 | 44 48.6 159 65.1] 45 13.4 17.2 66.0] 45 37.4 185 70° 225 69.9) 4703.8 23.8 70.9) 47229 252 71.9| 42 
43 | 4504.5 15.0 63.8] 45306 163 64.7) 4555.9 ~.., 21.5 68.5| 47 27.6 228 69.5| 47 48.1 241 70.5 43 
44 | 4519.5 139 62.4| 45 469 152 63.3| 4613’ 60 > 67.1| 47 50.4 21.8 68.1| 48122 232 69.2| 44 


4S | 45 33.4+129 61.0] 46 02.1+142 61.9) 46 8.7 | 48 12.2+208 66.8] 48 35.4-222 67.8 45 


46 | 45 46.3 119 59.6] 4616.3 13.1 60.5 50° 50° *| 48 33.0 198 65.3] 4857.6 211 66.4] 46 


47 | 4558.2 109 58.2} 46 29.4 121 59.’ P 4852.8 187 639) 49187 20 65.0 47 
48 | 4609.1) 9.7 56.8] 4641.5 11 f Q V1VS 176 62.5| 4938.7 19.0 63.5 48 


40° 79.1 164 61.0} 4957.7 178 62.0] 49 


+286 82.1| 40 54.4+298 82.9] 4101.4+309 83.8| 41 07.4+322 84.6] 41 12.6+333 85.5] 41 168+345 86.4 30 
279 80.9| 41 24.2 29.) 81.8] 4132.3 303 82.6) 41 39. 
27.1 79.7| 41 53.3 283 80.6] 4202.6 29.6 81.5| 42 11. 


3¥.4 83.5| 41 45.9 326 84.4] 4151.3 338 85.3 3 
30.8 82.4) 4218.5 320 83.3] 4225.1 332 84.2 32 
30.1 81.2] 42 50.5 313 82.1| 4258.3 325 83.0 33 


2 
37 
5.5 
67 
7.3 
29 | 4001.3 269 81.5| 4009.7 281 82.4| 4017.3 29.2 83.2| 40 23.9 305 84.0| 40 29.7 317 84.9] 4034.6 328 85.7/ 40386 340 86.6] 40 41.7 351 87.5 29 
6.5 
5:1 
3.0 
0.1 
5 29.3 90.0] 4321.8 306 81.0] 43308 318 81.9] 34 


LHA 60° 


49 | 46188 68 55.3] 46526 99 40° 


$0 | 46 27.6+ 76 53.9] 47 02.5+ 8 3+153 59.5] 5015.5+167 60.5) 50 

a <6 Se 65 ap a us j4.2 $8.0] 5032.2 154 59.0 51 
5.5 A L 29 56.5] 5047.6 143 57.5 2 

53 | 46472 43 496| 47258 30° 30° ise 3 


7 55.0| 5101.9 13.0 56.0 $3 
53.4| 51149 118 54.4) 54 

o 519] 51 26.7 +106 52.8 55 
20° 50.3] 5137.3 92 51.3] S56 


$4 | 46515 33 48.1| 4731. 
$5 | 4654.8+ 21 46.6] 47 3° 


18.7| 51 465 7.9 49.7 $7 
$8 | 4657.7 12 42.3) 47 7.1| 51544 67 48.1 58 
59 | 46565 24 40.8) 47 5.5] 5201.1 53 464 59 
60 | 46 54.1- 35 39.3) 4 19° 10° 52 06.4+.39 448] 60 


It.24°26'8 52103 26 43.2} 61 


§2129+ 13 41.6] 62 
52 142-01 39.9 63 


7 
| 
5 
9 
3 
7 
1 
5 
9] 5212.7- 28 367 65 
3 
vf 
1 
6 
0 
4 


65 | 46 .25.6- 90 32.) N ° Sts obese eas 
66 | 4616.6 100 30.6] 4 9 

67 | 4606.6 111 29.2] 4 5 | $2 058 ae 334 red 
68 | 4555.5 121 27.8] 4 4.5 10° -1| 52.003 68 31.8| 68 
69 | 4543.4 132 26.4| 46 10 16|51535 a1 30.2| 69 
70 | 45 30.2-142 25.0} 46 3.0| 51) 45.4- 28.6 

71 | 4516.0 15.1 23.6| 46 64| 51360 107 27.0 nN 


72 | 4500.9 162 22.2| 45! 90 / © 249/51 25.3 120 254] 72 
73 | 4444.7 171 20.9) 45 & 20 20 23.4) 5113.3 132 23.8) 73 


74 | 4427.6 180 19.5) 45 24 21.8] 5100.1 jaa 22.3 74 
7S | 44 09.6-190 18.2) 45 06.5 2 20.3} 50 457-156 208 75 


76 | 4350.6 19.8 16.9| 44 48.0 ° 18.8 
77 | 4330.8 208 15.6| 44 28.5 30 ahiza 20 132 ee V7 9 


7® | 4310.0 21.6 14.3] 4408.1 igs 15.9] 49 553 1 
79 | 4248.4 224 13.0] 43 468 22. gge 1 205 145) 49 362 202 a3 8 


PRIME VERTICAL 


BO | 42 26.0-233 11.8] 43 24.7 -23.0 17.6-216 13.1] 49 160-212 13.3 
81 | 4202.7 240 10.5] 43017 a8 kh Q P57 56.0 226 11.7| 48548 223 11.9 HI 
4138.7 249 9.3) 4237.9 247 9s 47 33.4 235 10.3] 4832.5 233 10.5 62 
4113.8 256 &1/ 4213.2 254 8.2 3| 4709.9 245 8.9] 4809.2 243 9.1 83 
40 48.2 263 6.9] 4147.8 262 7.0] 42 60° 60° 7.5| 4645.4 254 7.6] 47449 253 7.7) 84 
40 21.9-27.0 5.7] 41 216-269 5.8] 42 2).. 24 6.2) 46 20.0-263 63] 4719.6-22 64 8s 
39 54.9 277 4.5| 4054.7 277 4.6] 41545 ~ 70° ° 27.3 4.9| 4553.7 272 5.0| 4653.4 271 5.) 86 
39 27.2 285 3.4| 4027.0 283 3.4] 41 269 282 70 -0.6 28.1 3.6) 45265 281 3.7| 46263 279 3.8 87 
38 58.7 29.0 2.2] 3958.7 290 2.3/ 4058.7 wo «. Xs) 4358.5 209 2.4) 4458.4 288 24] 45584 288 25| 88 
38 29.7 29.7 1.1] 3929.7 29.7 1.1] 4029.7 297 VN] 40a. -ro =1.2] 4329.6 296 1.2] 4429.6 296 1.2] 4529.6 26 1.2 89 

0.0 0.0] 40 00.0-303 0.0] 41 00.0-303 0.0] 4200.0-303 0.0] 4300.0-304 0.0] 4400.0-304 0.0] 45000-2104 0.0 


43° 
60°, 300° L.H.A. LATITUDE SAME NAME AS DECLINATION 


rain Ra 


Ficure 2007a.—Left-hand page of opening of volume 3 of Pub. No. 229. 


tabulated at the top of the page. The data below the horizontal rules are the 
tabular altitudes, altitude differences, and azimuth angles of celestial bodies above 
the celestial horizon when the latitude of the observer has the same name as the 


SIGHT REDUCTION 5438 
LATITUDE CONTRARY NAME TO DECLINATION L.H.A. 60°, 300° 


i VR EL 40° a |e 43° 44° aso | 
_| 
ZULNCe a POT Meow ZN Ncmere oz) [Ne MPU ea zal tHe +d zeloWee ds Zz lone eal oz (Dee, 
° ° ’ , ° ° , ’ ° ° , ’ ° ° , , ° ° , , ° ° , , ° ° , ' ° ° , , ° ° 
© | 23 12.2-40.3 109.6] 22 51.9411 110.0] 22 31.3-41.9 110.4] 22 10.2-42.6 110.7 | 21 48.8— 43.4 111.1 | 21 27.0- 44 111.5] 21 04.8440 111.9) 20 42.3-455112.2] 0 
VY | 2231.9 40.5110.4] 2210.8 41.3 110.8) 21 49.4 421 111.1 | 2127.6 428111.5| 2105.4 435 111.9| 20429 4421122] 20200 4491126/ 19568 aso 1l29| 1 
2 ]2150.4 40,8111.2] 21 29.5 415111.5] 2107.3 423.111.9| 20 44.8 430 112.3] 2021.9 4371126] 1958.7 4451129) 1935.) 451119.3| 1911.2 4571136] 2 
3 | 2110.6 41.0112.0] 20 48.0 41.8 112.3] 2025.0 4241127) 2001.8 432 113.0] 1938.2 439113.3| 19 14.2 4451137) 1850.0 4521140] 18255 us91l43| 3 
4 | 2029.6 41.2112.7| 2006.2 41.9113.1] 1942.6 42.7.113.4] 19 18.6 434113.7| 18 54.3 44.1 104.1] 18 29-7 440 114.4] 1804.8 454114.7| 17396 401150] 4 
S| 19 48.4— 41.4 113.5] 19 24.3 - 42.1 113.8] 18 59.9 - 42.8 114.2| 18 35.2—495 114.5] 18 10.2— 44.2 114.8] 17 449-449 115.1] 17 19.4-456115.3| 16 59.6-462 1156] 5 
6 | 1907.0 41.6 114.3] 18 42.2 423.114.6] 1817.1 4301149] 1751.7 437 115.2| 17 26.0 444 115.5] 1700.0 4501158] 16338 456116.0| 1607.4 431163| 6 
7 | 1825.4 41.8115.0| 1759.9 4251153] 1734.1 43.2115.6] 1708.0 439115.9| 16 41.6 4451162) 1615.0 45,1 116.4] 15 48.2 4501167| 1521.1 soall7.0] 7 
@ | 1743.6 41.9 115.8] 1717.4 426116.1| 1650.9 433.1164] 1624.1 4401166] 15.57.) 44611691 15 29.9 4531171 | 1502.4 459117.4| 14347 4651176] 8 
9 | 1701.7 4211165] 1634.8 4281168) 1607.6 435.117.0115 40.1 441117.3] 15125 aoe 117.6] 1444.6 4541178] 1416.5 460118.0| 13 46.2 4661183) 9 
VO | 16.19.6-42.3 117.3] 15 52.0-43.0 117.5] 15 24.1 -43.6 117.8 | 14 56.0-44.2 118.0) 14 27.7449 118.3] 13 59.2455 118.5] 13 90.5—46.1 118.7] 13.01.6-467 118.9] 10 
VD | 1537.3 42.4118.0] 1509.0 43.1. 118.3] 1440.5 437 118.5] 1411.8 244118.7| 13.428 4501189] 1313.7 4561192] 12 44.4 463119.4| 1214.9 469119.6| 19 
V2 | 1454.9 425 118.8] 1425.9 43.2119.0| 13 56.8 439 119.2] 1327-4 445119-4| 1257.8 451 119.6] 12.28.) 457119.8| 11 58.1 463 120.0] 11 28.0 46.8120.2| 12 
V3 | 1412.4 427199.5| 1342.7 43.3.119.7| 13.129 440.119.912.429 446 120.1] 1212.7 4521203] 11 42.4 4501205] 11 11.8 46.4 120.7) 1041.2 4701208] 13 
14 | 1329.7 426120.2| 1259.4 43.4120.4| 1228.9 440120.6| 11 58.3 447 120.8] 11 27.5 453121.0| 1056.6 459 121.1] 1025.4 464121.3| 954.2 470121.5| 14 
VS | 12 46.9-42.9 120.9] 12 16.0-43.6 121.1 | 11 44.9 44.2 121.3] 11 13.6—448 121.5] 10 42.2 45.4 121.6] 10 10.7-46.0 121.8] 9 39.0-46.6121.9| 9 07.2-471 122.1] 15 
16 | 1204.0 43.) 121.6] 11 32.4 43.6121.8| 1100.7 443 122.0| 10 28.8 448 1222| 956.8 45.4122.3| 9247 460122.5| 852.4 466122.6| 820.1 47.21227| 16 
17 | 11 20.9 43.1 122.4] 10 48.8 43.6122.5] 1016.4 443122.7| 944.0 4501228] 911.4 45.6123.0| 838.7 461 123.1| 8058 466123.2| 732.9 4721233| 17 
V8 | 1037.8 432123.1| 1005.0 43.6123.2| 932.1 4451234] 859.0 450123.5| 8258 4561236] 752.6 4621237] 719.2 467123.9| 645.7 4731240] 18 
19 | 9546 921.2 439123.9| 847.6 4451240| 814.0 4511242] 7.40.2 4561243] 706.4 4621244| 632.5 468124.5| 558.4 4721246| 19 
20 | 911.3- 8 37.3-440 124.6] 803.) —445124.7| 7 28.9-45,1124.8| 6 546-457 124.9] 6 20.2-463 125.0] 5 45.7-46.8125.1] 5 11.2-474125.2| 20 
21 | 8279 753.3 44.1125.3| 7186 447125.4| 643.8 452125.5| 608.9 4581256| 533.9 463125.7| 458.9 460125.8| 423.8 4731258] 21 
7 444 709.2 44.1126.0| 633.9 447 126.1| 558.6 453126.2| 523.) 456126.2| 447.6 4631263] 412.1 46.9126.4| 3365 474126.4| 22 
7 00.9 625.1 44.2126.7| 5.49.2 4471267| 513.3 4531268] 437.3 4581269] 401.3 464127.0] 3.25.2 469127.0| 2.49.1 47.4127.0| 23 
6173 $40.9 44.2127.3| 504.5 4481274) 428.0 45.3127.5| 351.5 459127.5| 314.9 4641276) 238.3 46.9127.6| 201.7 475 127.7] 24 
5 33.6- 456.7 —44.2128.0| 419.7—448 128.1| 3 42.7~453 128.1} 3.05.6—45.9 128.2] 2 28.5-464128.2] 1 51.4-46.9128.3| 1 14.2-474128.3] 25 
449.9 412.5 44.3.128.7| 3349 448128.7| 257.4 454128.8| 219.7 459128.8] 142.1 464128.9) 104.5 47.0 128.9 i 7.4 128.9 2 
4 06.2 328.2 444129-4| 250.1 449129.4| 212.0 4541294] 133.8 459129.5| 055.7 464 129.5| 0.17.5-469129.5| 0206+475 50.5] 2 
322.4 243.8 443 130.0} 205.2 449 130.1] 1266 45.4 130.1| 0.47.9 459 130.1 | 0 09.3- 465 130.1] C—S Tine 108.1 474 49.9| 28 
2 38.6 159.5 444130.7| 120.3 448 130.71 9 41.2- 130.8 | 9 02.0-459 130.8[ 037.2+464 (Contrary—Same Line) | 155.5 47.4 49.3) 29 
1 54.8 - 4] 115.1403 131.4] 0.35.5—449 131.4] 004.2445.4 48.6| 043.9+459 48.6| 123.6+464 46.6| 20334409 48.6] 2429+47.4 48.7| 30 
111.0 1 |_ 0 30.8 —a44 132.1) 00944409 47.9] 049.6 454 479| 129.8 459 48.0| 210.0 464 48.0| 250.2 469 48.0] 330.3 474 48.0] 31 
Q 27.1 7] 013.6s404 473] 054.3 as9 47.3] 135.0 asa 47.3| 215.7 459 47.3] 256.4 aga 47.3| 337.1 468 47.4| 417.7 473 47.4] 32 
0168+438 46.6] 058.0 saa 46.6| 139.2 a9 46.6] 2204 asa 466| 3016 459 46.7| 342.8 463 46.7| 423.9 468 46.8| 505.0 473 46.8] 33 
100.6 438 45. 142.4 443 45.9] 2241 ace 45.9] 305.8 454 46.0] 347.5 458 46.0] 429.1 464 46.1] 510.7 468 46.1} 552.3 473 46.2) 34 
1 44.4443.9 45. 226.7 444.3 45.2} 30894409 45.3] 351.2+453 45.3] 433.3+458 45.4] 515.54+462 45.4) 55754468 45.5| 6 39.6+47.2 45.6 35 
2283 438 445| 311.0 as3 446| 3538 as8 446| 4365 453 447| 519.1 450 447| 601.7 463 44.8] 644.3 467 44.9] 7268 47.1 45.0] 36 
312) 438 438| 355.3 443 439| 4386 447 43.9) 521.8 452 440] 6049 457 44.1] 648.0 46) 44.1] 731.0 466 44.2] 813.9 471 44.3] 37 
355.9 43.7 43. 439.6 443 43.2] 523.3 447 43.3] 607.0 452 43.3] 650.6 457 43.4] 734.1 462 43.5| 817.6 466 43.6] 901.0 471 437] 38 
4396 437 425| 5239 44) 425| 6080 «a7 42.6| 652.2 451 4271 7363 456 428| 820.3 460 42.9] 904.2 465 43.0| 948.1 470 43.1| 39 
$23.34437 41.8| 608.0+442 41.9| 6527+406 41.9) 777 71 | 906.3+460 42.2} 950.7+465 42.3| 1035.1 +469 42.4] 40 
607.0 436 41.1] 6522 «a1 41.2| 7373 a6 41. Ly 9523 460 41.6| 1037.2 464 417) 11220 4o8 41.8] 41 
650.6 435 404| 7363 «40 40.5) 821.9 sas “9 458 40.9/ 11 296 452 410] 12088 467 412 2 
. «5.7 40.2] 1209.8 462 40.4 5 46.6 E 
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Ficure 2007b.—Right-hand page of opening of volume 3 of Pub. No. 229. 


declinations of the bodies, and the LHA’s of the bodies are those tabulated at the 


bottom of the page. 
The LHA’s tabulated at the top of a right-hand page are the same as those 
tabulated on the left-hand page of the opening. The LHA’s tabulated at the bottom 


544 SIGHT REDUCTION 


of the right-hand page are limited to the range 90° increasing to 270°, one of the 
two LHA’s at the bottom of the page is in the range 90° increasing to 180°; the 
other LHA is in the range 180° increasing to 270°; the LHA in the range 90° 
increasing to 180° is the supplement of the LHA at the top of the page in the range 
0° increasing to 90°. When the LHA is 90°, the left and right-hand pages are 
identical. 

The horizontal rules, known as the Contrary-Same Line or C-S Line, indicate 
the degree of declination in which the celestial horizon occurs. 

Figure 2007c illustrates four of the eight possible celestial triangles for specific 
numerical values of latitude and declination, and the LHA’s tabulated on the left 
and right-hand pages of an opening of the tables (figs. 2007a and 2007b). The 
diagram on the plane of the celestial meridian at the upper left of figure 2007c 
indicates that the celestial body always lies above the celestial horizon when the 
observer’s latitude has the same name as the declination of the body and the values 
of LHA are those tabulated on the left-hand page of an opening of the tables. The 
diagram at the upper right reveals that for the various combinations of arguments 
on the right-hand page, including whether the name of the observer’s latitude is the 
same as or contrary to the name of the declination, the numerical value of the 
declination governs whether the body is above or below the celestial horizon. For 
example, the following arguments are used for entering the tables: 


LHA 60° 
Latitude 45°N (Contrary Name to Declination) 
Declination 5°S 


The respondents are: 


Tabular altitude, ht (Tab. Hc) 16°53/6 
Altitude difference, d (—)46/2 
Azimuth angle, Zi 115°6 


As can be verified by an inspection of the upper-right diagram, the altitude 
respondent is for a body 16°53/6 above the celestial horizon. Further inspection of 
the tabular data (fig. 2007b) and the diagram reveals that with the LHA and 
latitude (Contrary Name) remaining constant, the altitude of the body decreases as 
the declination increases in numerical value. Between values of declination 26° and 
27° the body crosses the celestial horizon. When the declination reaches 35°, the 
altitude is 6°39'6 below the celestial horizon; the tabular azimuth angle is the 
supplement of the actual azimuth angle of 134°4. 

As an additional example, the following arguments are used for entering the 
tables: 


LHA 240° (t 120°) 
Latitude 45°S_ (Same Name as Declination) 
Declination 5°S 


The respondents are: 


Tabular altitude, ht (Tab. Hc) 16°53/6 
Altitude difference, d (4672 
Azimuth angle, Z 115°6 


However, inspection of the diagram on the plane of the celestial meridian at the 
lower right of figure 2007c reveals that the altitude is 16°53/6 below the celestial 
horizon; the tabular azimuth angle is the supplement of the actual azimuth angle of 
64°4. Further inspection of the tabular data and the diagram reveals that with the - 
LHA and latitude (Same Name) remaining constant, the altitude of the body in- 


SIGHT REDUCTION 545 


creases as the declination increases numerically. Between values of declination of 
26° and 27° the body crosses the celestial horizon. When the declination reaches 35°, 
the altitude is 6°39‘6 above the celestial horizon; the tabular azimuth angle is the 
actual azimuth angle of 45°6. 
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Ficure 2007c.—Diagrams on the plane of the celestial meridian. 


Inspection of figures 2007a, 2007b, and 2007c reveals that if the left-hand page 
of an opening of the tables is entered with latitude of contrary name and one of the 
LHA’s tabulated at the bottom of the facing page, the tabular altitudes are nega- 
tive; the tabular azimuth angles are the supplements of the actual azimuth angles. 
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2008. Pub. No. 229 interpolation.—In the normal use of the tables with the 
Marcq St.-Hilaire method, it is only necessary to interpolate the tabular altitude 
and azimuth angle for the excess of the actual declination of the celestial body over 
the integral declination argument. When the tabular altitude is less than 60°, the 
required interpolation can always be effected through the use of the tabulated 
altitude differences. When the tabular altitude is in excess of 60°, it may be 
necessary to include the effects of second differences. When the tabular altitude 
difference is printed in italic type followed by a small dot, the effects of the second 
differences should be included in the interpolation. Although the effects of second 
differences may not be required, these effects can always be included in the interpo- 
lation whenever it is desired to obtain greater accuracy. 

If the sight reduction is from a position such that interpolation for latitude and 
local hour angle increments is necessary, the required additional interpolation of 
the altitude can be effected by graphical means. 

The data in the column for latitude 45° (Same Name as Declination) as con- 
tained in figure 2007a is rearranged in table 2008 to illustrate the first and second 
differences. 

Table 2008 illustrates that the first differences are the differences between 
successive altitudes in a latitude column; the second differences are the differences 
between successive first differences. 


LHA 60°, Lat. 45° (Same Name as Declination) 


Dec. ht (Tab. He) First Difference Second Difference 

Al? 2 ADS 
+4475 

on 24°26/8 +072 
+44/3 

Ou 25a 121 = O03 
+4470 

ue 25°5511 


TABLE 2008.—First and second differences of tabular altitudes. 


The usual case is that the change of altitude with 60’ increase in declination is 
nearly linear as illustrated in figure 2008. In this case, the required interpolation 
can be effected by multiplying the altitude difference (a first difference) by the 
excess of the actual declination over the integral declination argument divided by 
60’. This excess of declination in minutes and tenths of minutes of arc is referred to 
as the declination increment and is abbreviated Dec. Inc. 

Using the data of table 2008, the computed altitude when the LHA is 60°, the 
latitude (Same Name) is 45°, and the declination is 5°45/5 is determined as follows: 
/ 


Dec. Ine. : 
Correction=Altitude differencex —— =(+)44/3x —— =83/6 
60’ 60’ 


Hc=ht-+ correction = 24°26/8+ 33/6 =25°00/4. 
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Ficure 2008.—Linear interpolation by graph. 


2009. Pub. No. 229 Interpolation Table.—The main part of the four-page Inter- 
polation Table is basically a multiplication table providing tabulations of: 


Declination Increment 


60’ 


Altitude Difference x 


The design of the Interpolation Table is such that the desired product must be 
derived from component parts of the altitude difference. The first part is a multiple 
of 10’ (10', 20’, 30’, 40’, or 50’) of the altitude difference; the second part is the 
remainder in the range 0/0 to 9/9. For example, the component parts of altitude 
difference 44/3 are 40’ and 4/3. 

In the use of the first part of the altitude difference, the Interpolation Table 
arguments are Dec. Inc. and the integral multiple of 10’ in the altitude difference, 
d. As shown in figure 2009a, the respondent is: 


Dec. Inc. 
Tens X 
60’ 


In the use of the second part of the altitude difference, the Interpolation Table 
arguments are the nearest Dec. Inc. ending in 0/5 and Units and Decimals. The 


respondent is: 
Dec. Inc. 


60’ 


Units and Decimals x 


In computing the table, the values in the Tens part of the multiplication table 
were modified by small quantities varying from —0/042 to +0/033 before rounding 
to the tabular precision to compensate for any difference between the actual Dec. 
Inc. and the nearest Dec. Inc. ending in 0/5 when using the Units and Decimals 


part of the table. 
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Altitude Difference (d) 


Dec. Inc. 
Units & Decimal —_ 
nits ecimals X 60 


0.21.0 1.72.5 [3.3)4.0 485.5 637.1 


7.6 15.2 228 37.9 


45'.5 
40’ x —— = 30’. 
60’ z 


— = 3/3 
60’ 


0 
a) 
2 
“3 
4 
5 
6 
7 
8 
 ) 


Ficure 2009a.—Interpolation Table. 


As an example of the use of the Interpolation Table, the computed altitude and 
true azimuth are determined for Lat. 45°N, LHA 60°, and Dec. 5°45/5N. Data are 
exhibited in figure 2009b. 

The respondents for the entering arguments (Lat. 45° Same Name as Declina- 
tion, LHA 60°, and Dec. 5°) are: 


Tabular altitude, ht 24°26/8 
Altitude difference, d (+)44'3 
Tabular azimuth angle, Z 108°6 


Note that Dec. Inc. 45/5 is the vertical argument for entering the Interpolation 
Table to extract the correction for tens of minutes of altitude difference, d, and that 
it also indicates the subtable where the correction for minutes and tenths of 
minutes (Units and Decimals) of altitude difference, d, is found. Entering the 
Interpolation Table with Dec. Inc. 45/5 as the vertical argument, the correction for 
40’ of the altitude difference is 30/3; the correction for 4/3 of the altitude difference 
is 3/3. Adding the two parts, the correction is (+)33/6, the sign of the correction 
being in accordance with the sign of the altitude difference, d. 

No special table is provided for interpolation of the azimuth angle, and the 
differences are not tabulated. With latitude and local hour angle constant, the 
successive azimuth angle differences corresponding to 1° increase in declination are 
less than 10°0 for altitudes less than 84°, and can easily be found by inspection. If 
formal interpolation of azimuth angle is desired, the degrees and tenths of degrees 
of azimuth angle difference are treated as minutes and tenths of minutes in 
obtaining the required correction from the Units and Decimals subtable to the right 
of the declination increment. But for most practical applications, interpolation by 
inspection usually suffices. In this example of formal interpolation, using an azi- 
muth angle difference of —0°7 and a Dec. Inc. of 45/5, the correction as extracted 
from the Units and Decimals subtable to the right of the Dec. Inc. is —0°5. 
Therefore, the azimuth angle as interpolated for declination increment is 108°1 
(108°6—0°5). In summary, 


Tabular altitude ht 24°26/8 
Correction for 40’ of alt. diff. (+)80/3 
Correction for 4/3 of alt. diff (40368 
Computed altitude He 25°00/4 


(See figures 2008 and 2009b) 
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Tabular azimuth angle Ve 108°6 
Correction for Dec. Inc. 45/5 (=)075 
Interpolated azimuth angle Z N108°1W 
True azimuth Zn 251°9 


INTERPOLATION TABLE 


Altitude Difference (d) 


617.5 22.5 30.0 © (0.00.8 1523 3038 4553 6168 
45.1|7.5 15.0 22.5 30.0 37.6]| .¥ |0.108 1624 3139 4654 6169 
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45.6/7.6 15.2 228 4 380|| 6 |051.2 2027 3542 5058 6573 
45.7176 153 229 305 381 || .7 |O51.3 2028 3643 5158 667.4 
45.8/7.7 153 229 306 362]| .@ |061.4 2129 3644 5259 6774 
45.9|7.7 153 23.0 306 363 || .@ 1071.4 2230 3745 5260 6775 
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FicurE 2009b.—_Data from main tables and Interpolation Table. 


2010. Pub. No. 229 interpolation when second differences are required.—The 
accuracy of linear interpolation usually decreases as the altitude increases. At 
altitudes above 60° it may be necessary to include the effect of second differences in 
the interpolation. When the altitude difference, d, is printed in italic type followed 
by a small dot, the second-difference correction may exceed 0/25, and should nor- 
mally be applied. The need for a second-difference correction is illustrated by the 
graph of table 2010 data in figure 2010a. 

Other than graphically, the required correction for the effects of second differ- 
ences is obtained from the appropriate subtable of the Interpolation Table. Howev- 
er, before the Interpolation Table can be used for this purpose, what is known as 
the double-second difference must be formed. The double-second difference (DSD) 
is the sum of two successive second differences. Although second differences are not 
tabulated, the DSD can be formed readily by subtracting, algebraically, the tabular 
altitude difference immediately above the respondent altitude difference from the 
tabular altitude difference immediately below. The result will always be a negative 


value. 
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Ficure 2010a.—Nonlinear interpolation by graph. 


LHA 38°, Lat. 45° (Same Name as Declination) 


Dec. ht (Tab. Hc) First Difference Second Difference 
50° 64°08/2 
+218. 
ole 64°11/0 3 
+015. 
52° 64°11/5 Eel 
ee TA 
D3. 64°09/9 


TABLE 2010.—First and second differences of tabular altitudes. 


As shown in figure 2010b, that compartment of the DSD table opposite the 
block in which the Dec. Inc. is found is entered with the DSD to obtain the DSD 
correction to the altitude. The correction is always plus. Therefore, the sign of the 
DSD need not be recorded. When the DSD entry corresponds to an exact tabular 
value, always use the upper of the two possible corrections. 

As an example of the use of the double-second difference, the computed altitude 
and true azimuth are determined for Lat. 45°N, LHA 88°, and Dec. 51°30/0N. Data 
are exhibited in figure 2010b. 

The respondents for the entering arguments (Lat. 45° Same Name as Declina- 
tion, LHA 38°, and Dec. 51°) are: 


Tabular altitude, ht 64°11/0 
Altitude difference, d (+)01 5. 
Azimuth angle, Z 62°8 


The linear interpolation correction to the tabular altitude for Dec. Inc. 30/0 is 


(073. 
Hc=ht-+ linear correction =64°11/04.0/3—64°11/3 
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Figure 2010b.—Data from main tables and Interpolation Table. 


However, by inspection of figure 2010a, illustrating this solution graphically, 
the computed altitude should be 64°11'6. The actual change in altitude with an 
increase in declination is nonlinear. The altitude value lies on the curve between 
the points for declination 51° and declination 52° instead of the straight line 
connecting these points. 

The DSD is formed by subtracting, algebraically, the tabular altitude difference 
immediately above the respondent altitude difference from the tabular altitude 
difference immediately below. Thus, the DSD is formed by algebraically subtracting 
(+)2/8 from (—)1/6; the result is (—)4‘4. 

As shown in figure 2010b, that compartment of the DSD table opposite the 
block in which the Dec. Inc. (30/0) is found is entered with the DSD (414) to obtain 
the DSD correction to the altitude. The correction is 0/3. The correction is always 


plus. 
Hc=ht-+ linear correction+ DSD correction 


He=64°11/0+0/3+0/3=64°11°6. 


2011. Complete solution by Pub. No. 229 and Nautical Almanac.—The complete 
solution includes all of the parts listed in article 2001. Because of the various 
alternatives available for the separate parts, a large number of variations might be 
used in the complete solution. 

It is good practice to have a standard work form. If this is not printed, or on a 
rubber stamp, it should be copied in its entirety before the solution is started. The 
first step should then be to fill in the known information. If the solution for 
observed altitude is made first, this value can then be copied in the main solution, 
so that it will be ready for comparison when Hc is determined. The best form to use 
is that which the individual navigator finds most logical and least likely to result in 


errors. 
Some navigators include a time diagram (art. 1428) in the form as a check both 


on the time and meridian angle computation. 
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There is a growing tendency among navigators to keep the navigational watch 
set to GMT. This is particularly helpful when a number of observations are made, 
as during twilight, to eliminate the need for repeated application of watch error 
and zone description, and determination of Greenwich date. 

Example.—On June 2, 1975, the 1742 dead reckoning position of a ship is lat. 
41°10’S, long. 128°00’E. The ship is on course 315°, speed 20 knots. Observations are 
made from a height of eye of 31 feet using a sextant having an index correction of 
(—)1/0 as indicated below. Determine the 1742 fix. 


Body GMT Sextant Altitude SHA Declination 
SP iC Hide... ote saves cia Teeocdetee eater AOR 08524™035 32°30/4 159°01/1 11°02/2S 
PROBUS Be wsgeton.casnce esc. eovsnsed 08h29™585 36°57/1 208°13/9 12°05/2N 
IPT OCVONU.. esc ess so eee 08535™595 35°05/1 245°29/8 5°17/2N 
COMOPUS ix: eet s ee eee eee 08541™55s 52°47/7 264°09/3 52°41/1S 
Spica Regulus 
(CGIMEIM Gm ee) oarestecnen ccececsettee trsececca Geet ontonss oat eivaasnarcectenns 0824™035 08°29™585 
GEA ae: For EG IM Denk saeeceecceaes strates cobs eS. ootse eae sees ta Se seas 10°10/3 10°10/3 
IncreMmentserse oe cine eae 24™03s 6°01/7 29™58s 1°30.0 
eee area cnn cetera rac csnsnseeecoscensteaceasncaceairucasesnsetsacc sere 159°01/1 208°138/9 
cae rena ieen ee eree term esnecttrsnseiersesteerosensieetonencarornsveroecen? 17D toot 225°54/9 
CI Nee ice aaa ee ae a Ss ace se oman sah taseseeeemmemm aces 127°46/9E 128°05/1E 
| Barer aR ese So ORE ee ee eos eo Oe Coes Os CeO ocr ence Cea 303°00/0 354°00/0 
OTR sy Se a EE ee coe eerie 1202.28 12°05/2N 
Tyee icine ae ees, estar tert celina onncc cae ats O2c2 05/2 
(Bibs esxeee eat icin SSR CASS EEO OPIS RATE ER RRR Set poe tet ettan 41°00/0S 41°00/0S 
Jahes (A beelon Yeles) 2. asacncacbeanctosed: cen celeb coetod a eter oacdber cane eorscaacrccticc 31°55/0 36°42/6 
Crean rCOrrechiOn’ 0 totter its ccseeccceces (+)89/7 (a AS (—)59/7 Cope 
15 a Ee Ee ee ee re aioe 31°56/5 36°37/4 
i (Os et A tn co a Do A he ei a ae en 32°22/5 36°49/4 
CaP. tects SOD RIES TOPS otc Bc OORT TAT OEE PEPER EEE te 26. OT vO ar 
ZAIN YL Ue eee eee eee Os cael Secor ere $104°1E 075°9 S172°7E 007°3 
Procyon Canopus 
GM (Stn G82) oc eiessssceccossns tee ee eee ee 08535™595 0841™55s 
GHAgaHfor' Sh GMT ee ewe cae ee 10°10/3 10°10/3 
cre ments See case tase Bet ee ea. tas 35™595 9°01/2 41™55s 10°30/5 
IA esl ccs esc a ig satgs acest as Sdlacsg hans asacBe cing 245°29'8 264°09/3 
CELA a i certs staan catans Saatns ce Ripslbaseas codes athens oeanapnasuiisaas 264°41/3 284°50/1 
TFING ATO <n a lh tee Mee ET ES lee NEED IN NITE NS 128°18/7E 128°09/9E 
ET Ae ee eet Aart ae as acca cchacpesssefunanstes 33°00/0 53°00/0 
BLY 5 RPS FO ee he Ree Re Race ee ee 5°17/2N 52°41/1S 
LTS Sop FA (herria ear conarte ican nett ate Mahan atin toll Me 14 
AD, SRE CUE EAS. Se Se Dt et ae) ee tht | Se le 2 Se 41°00/0S 41°00/0S 
Hit CLAD ELC) erect eee eee rcere co ceetressevoestetet 34°59/1 52°48/5 
d@and@ correction ste. (—)52'0 (—)14/9 (+)38/8 (9246 
|S onentageatyeiyerel. it acetates cn apneic Bian inion MARS ante 34°44/2 52°51/1 
Ho;, Het. erties eee a. Seen 2 eS 34°57/3 52°40/6 
1G Pa Ne RE OPT nel TPRIEE IE BOW SR BARE ic acl ee on Syilae 10. 5A— 


Z, AN Zi idisisecevoossssseccn eee eae ee eee S138°7W 31827 S53°3W 233°3 
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2012. Sight Reduction Tables for Air Navigation (Pub. No. 249).—Although 
these tables are designed to satisfy the needs of the air navigator, they are fre- 
quently used for sight reduction at sea. The following description and explanation 
of the use of the tables is limited to the marine application. 

Volume I contains tabulations of altitude (to the nearest 1’) and azimuth (to the 
nearest 1°) in parallel columns. For each 1° of latitude a two-page table (one-page 
above 69°) is given. For each 1° (2° beyond latitude 69°) of LHA ‘Y, altitude and 
azimuth are given for seven stars carefully selected with regard to azimuth, magni- 
tude, altitude, and continuity. Stars of the first magnitude are shown in capital 
letters, and those of second and third magnitude in lower case with initial capital. 
After each 15 entries a break occurs and a new listing of stars is given, whether or 
not there are any changes from the previous list. Stars are listed in the order of 
increasing azimuth at the beginning of each period. Forty-one stars are included, 19 
of which are of the first magnitude, 17 of the second magnitude, and 5 of the third 
magnitude. The tables are intended for use with an assumed position selected so 
that latitude and LHA Y are each the nearest whole degree (nearest even degree of 
LHA Y at latitudes higher than 69°). 
40°30'S 


41°30' 
128°E 129° 

Volume I, for selected stars, is arranged for entering with latitude, LHA Y, and 
the appropriate star name. This arrangement minimizes the time and effort re- 
quired in sight reduction. Progressive changes in the coordinates affecting the 
tabulated data necessitate recomputation at approximately 5-year intervals in order 
to reduce the effects of this source of cumulative error. Of the seven stars selected 
for each 15° of LHA ‘Y, the three marked by the diamond symbol (@) provide sets 
favorably situated in altitude and azimuth for the three-body fix normally used in 
air navigation. The volume for epoch 1980.0 will replace the volume for epoch 
1975.0. , aoe 

Tabulation by name of the star eliminates the need for finding the declination, 
but a correction for precession of the equinoxes (art. 1419) and nutation (art. 1417) 
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may be needed. This is given in an auxiliary table near the back of the volume. The 
correction which may reach a value as high as 3’ is applied to the fix, not to each 
altitude. 

Tabulation of azimuth (not azimuth angle) eliminates the need for conversion. 

Tabulation by LHA °° instead of meridian angle of the star eliminates the need 
for finding and applying SHA. It also makes of the tables a star finder for the seven 
stars given, since all values given for any entry of LHA ‘° are for the same time. 

An almanac giving GHA Y is included for use should the Air Almanac or 
Nautical Almanac not be available. 

Example 1.—During evening twilight on June 2, 1975, the 1724 DR position of a 
ship is lat. 40°39/2S, long. 128°01‘/2E. At GMT 824™03* the navigator observes 
Canopus with a marine sextant having no IC, from a height of eye of 38 feet. The hs 
is DDO Ld, 

Required.—The a, Zn, and AP, using Pub. No. 249 (epoch 1975.0), vol. I, and the 
Air Almanac. 


Solution.— 
June 2 Canopus + + - 
GMT 8*24™03s June 2 IC — - 
S220 1a D 6 
4™035 1°01’ R il 
GHA Y 16°12’ sum — i 
ad 127°48’E corr. (—)T' 
LHA Y 144°00’ hs 55°57’ 
aL 41°00'S Ho 55°50’ 
He 55°48’ 
Ho 55°50’ 
a 2T aL 41°00’S 
Zn 233° ad 127°48'E 


Example 2.—During evening twilight on June 2, 1975, the 1724 DR position of a 
ship is lat. 40°39/2S, long. 128°01/2E. At GMT 824™03* the navigator observes 
Canopus with a marine sextant having no IC, from a height of eye of 38 feet. The hs 
is 55°57/1. 

Required.—The a, Zn, and AP, using Pub. No. 249 (epoch 1975.0), vol. I, and the 
Nautical Almanac. 
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Solution.— 
June 2 Canopus + + - 
GMT _ 824™03° June 2 IC — - 
800" 10°10/3 D 6/0 
2a™0S* 5 601.7 R 0:7 
GHA Y 16°12/0 sum — 617 
a\127°48/0 E corr. (—) 6.0 
LHA °144°00/0 hs Ne Bil 
aL 41°00/0 S Ho 55°50/4 
He 55°48/0 
Ho 55°50/4 
a 2.4 T aL 41°00'S 
Zn 233° ad 127°48’E 


Volumes II and III are somewhat similar in many respects to Pub. No. 229. 
Altitude and azimuth angle are given in parallel columns for every whole degree of 
latitude (0° to 89°), every whole degree of declination (0° to 29°), and every whole 
degree (2° beyond lat. 69°) of LHA for all values at which the altitude is greater 
than several degrees below the celestial horizon. The values for latitude and decli- 
nation contrary name are tabulated with values of meridian angle (LHA less than 
180°) increasing upward on the page. This permits better utilization of space where 
same- and contrary-name tabulations are given on the same page. It also serves to 
emphasize the difference between the same- and contrary-name tabulations, the 
contrary-name tabulation being given in a ‘contrary’ manner on the page. A more 
convenient arrangement of declination entries is provided by having the “top” of 
each page of the tables along the left side, requiring the turning of the page 
through 90°. 

The altitude difference (labeled d) is tabulated between the altitude and azi- 
muth angle to facilitate interpolation of altitude for declination. No interpolation is 
needed for latitude and LHA because the assumed position is selected so that these 
are the nearest whole degree (nearest even degree of LHA beyond latitude 69°). The 
altitude difference is the difference in minutes, with sign, between the accompany- 
ing altitude and that for declination 1° greater, at the same latitude and LHA. It is 
used for entering an auxiliary table for determining the correction to be applied to 
altitude for minutes of declination, Dec. Inc. Interpolation is normally made in the 
direction of increasing declination. 

Volume II covers latitudes 0° to 39°, and volume III contains similar informa- 
tion for latitudes 40° to 89°. Since these tables are entered with LHA of the celestial 
body, they do not become inaccurate in succeeding years, and no correction is 
needed for precession and nutation, as in volume I. In contrast with volume I, 
azimuth angle is tabulated instead of azimuth. A long-term almanac giving the 
GHA and declination of the sun is included in both volumes for use should the Air 
Almanac or Nautical Almanac not be available. These volumes are intended for 
solution of observations of the sun, moon, planets, and any stars within the declina- 
tion range. 

Example 3.—During morning twilight on June 2, 1975, the 0724 DR position of 
a ship is lat. 40°39/2S, long. 131°01/2E. At GMT 22524703 (June ) the navigator 
observes Alpheratz with a marine sextant having no IC, from a height of eye of 38 


feet. The hs is 20°15/3. 


506 


Required.—The a, Zn, and AP, using Pub. No. 249, vol. III, and the Air Alma- 
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nac. 
Solution.— 
June 2 Alpheratz nk 
GMT 225247035 June 1 IC, = = 
22n20™ 224°46' D 6’ 
4™035 1°01’ R 8y 
SHA  358°13' sum — 9’ 
GHA  224°00' corr. (E92 
ad 181°00’E hs 20°15’ 
TEARS o ORO; Ho 20°06’ 
d 282 DN ee Dece Inca ot 
aL 41°00'S 
ht 20°51’ d (—) 60 7d, SplesAlo, 
corr. (Sa? 
Hc 19°54’ 
Ho 20°06’ 
a IPA aL 41°00’S 
Zn 005° ad 130°40’E 


Example 4.—During morning twilight on June 2, 1975, the 0724 DR position of 
a ship is lat. 40°39/2S, long. 181°01/2E. At GMT 22524™03s (June 1) the navigator 
observes Alpheratz with a marine sextant having no IC, from a height of eye of 38 
feet. The hs is 20°15’3. 

Required.—The a, Zn, and AP, using Pub. No. 249, vol. III, and the Nautical 
Almanac. 


Solution.— 
June 2 Alpheratz + + = 
GMT 225247035 June 1 MO ee = 
225 219°45/7 D 6/0 
24™08§ = 6°01/7 s&-P 2'6 
SHA 358°13/2 sum =-8'6 
GHA 224°00/6 corr. (—)8/6 
and 180°59/4E hs 20°15/3 
LHA 355°00/0 Ho 20°06/7 
d 28°57/2N Dec. Inc. 57’ 
aL 41°00/0S 
ht 20°51/0 d(—)60 Z S175°E 
corr. (—)57/0 
He 19°54/0 
Ho 20°06/7 
a ee aL 41°00/0S 
Zn 005° ad 180°59/4E 


2013. Tables of Computed Altitude and Azimuth (Pub. No. 214).—The publica- 
tion of these sight reduction tables has been discontinued by the Defense Mapping 
Agency Hydrographic/Topographic Center. However, it is expected that navigators 
will use the volumes they possess for many years to come. The tables were pub- 
lished in nine volumes, each covering 10° of latitude in increments of 1°. For each 
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degree of latitude there is a series of tables, with cutaway tabs providing quick 
reference to the first page of the tables for that latitude. Declination entries are 
given at intervals of 0°5 from 0° to 29°. Beyond this, 37 selected declination entries 
are given to provide solutions for all of the stars listed on the daily pages of the 
almanacs, and most of the additional stars listed near the back of the Nautical 
Almanac. A total of 96 declination entries are given for each latitude, arranged 
eight to a page. Each declination entry is given at the top of a column. The third 
variable, meridian angle, is given in the column at the extreme left and right sides 
of each page. These columns are labeled “H.A.,” the abbreviation for “hour angle,” 
the expression formerly used for meridian angle, but replaced because of confusion 
with Jocal hour angle, Greenwich hour angle, etc. Meridian angle entries are given 
at intervals of 1° from 0° at the top of the page to the maximum value at which the 
altitude is 5° or greater. 

At most page openings, separate tables are given for declination having the 
same name (N or S) as the latitude and those having contrary name (one N, the 
other S). That is, declination values on the left-hand page (same name) are duplicat- 
ed on the right-hand page (contrary name). A maximum of ninety-one meridian 
angle entries (0°-90°) are given on the left-hand page (same name). As either the 
declination or the latitude increases, the number of same-name entries increases, 
and the number of contrary-name entries decreases. When the same-name entries 
exceed 90° of meridian angle, the additional ones are placed on the right-hand page, 
below the contrary-name entries. At extreme values of declination and latitude 
there are no contrary-name entries, the same-name entries occupying both pages. 

In each declination column there are four sets of figures. The first, given in 
bold type, is the altitude (labeled “Alt.’’) to the nearest 0/1. Following this is Ad in 
small type. This is the change of altitude for a unit change of declination. Except 
when the value is 1.0, entries are given in hundredths of a unit, although the 
position of the decimal point is not shown. Following Ad, and also in small type, is 
At, the change of altitude for a unit change of meridian angle. This is given in the 
same form as Ad. The last set of figures in the column is the azimuth angle (labeled 
“Az.’”’), to the nearest 0°1. The current abbreviation for azimuth angle, Z, is used in 
example solutions. 

At latitude 0° the arrangement is modified because there is no “Same” or 
“contrary” name of declination. Here a single set of declination entries is given. 
Declination replaces latitude as the prefix label for azimuth angle. 

Following the altitude-azimuth section of each latitude is a two-page star identi- 
fication table. The use of this table is explained in article 2213. 

On the inside front cover and its facing page is a speed-time-distance table, 
which is useful in advancing or retiring lines of position, as well as for other 
purposes. This table contains information similar to that in table 19, but in some- 
what different form. Volume VIII and older printings of other volumes have sextant 
altitude correction tables on these pages. 

Following the speed-time-distance table is an arc to time conversion table. 

Following the title page and preface are given a description of the tables, and 
sample problems. 

On the inside back cover and facing page is given a “multiplication table” to 
multiply Ad or At by the number of minutes between the declination or meridian 
angle and the value used for entering the main table. This is used in interpolating 
the altitude for declination or meridian angle. 
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On the two pages next preceding the multiplication table is given a somewhat 
similar table to provide easy interpolation for latitude. 

The use of the various parts of Pub. No. 214 is explained in articles 2014-2016 
and 2213. The primary purpose’ of Pub. No. 214 is to provide an easy method of 
sight reduction for use with the Nautical Almanac aboard ship. It may also be used 
with the Air Almanac, and for solution of any spherical triangle for which entry 
values are given. Therefore, it can be used in great-circle sailing for determining 
the initial course and the distance. 

2014. Pub. No. 214 solution by Ad only.—If interpolation is made for all three 
variables—latitude, declination, and meridian angle—a triple interpolation is 
needed. A simpler solution, almost universally used with Pub. No. 214, is to select 
an assumed position that will eliminate interpolation for latitude and meridian 
angle, leaving a simple interpolation for declination. 

Example.—Find computed altitude (Hc) and azimuth (Zn) if aL is 41°00‘0N, d is 
22°14/3N, and t is 36°00/0W. 

Solution.— 

t 36°00/0W 


d 22°14/38N d ditt. 1473 
aL 41°00/0N 
ht 54°16/8 Ad (+) 0.65 Z N111°0W 
corr. (4+)9/3 


He 54°26/1 
Zn —249°0 


The main table is entered with the three variables, t, d, and aL (being sure to 
note whether d and aL are of same or contrary name); and the values of ht 
(tabulated altitude, labeled “Alt.” in Pub. No. 214), Ad, and Z are taken directly 
from the table, without interpolation. The tabulated altitude (ht) is the computed 
altitude (Hc) for the values used for entering the table. The designation ht is used 
to distinguish it from the Hc obtained by applying a correction to the value taken 
from the table. 

The declination entry argument used should be the tabulated entry nearest the 
declination for which a solution is sought, normally differing by not more than half 
a degree. The difference between this value and the actual declination is recorded 
as ‘“d diff’. No sign (+ or —) is assigned to this value. It is good practice to show Ad 
as a decimal, even though it is not tabulated in this way. The sign of this value 
should be determined carefully by inspection of the main table of Pub. No. 214. 
Interpolation of altitude for declination is made between the base value taken from 
the table and the value given on the same line in the next column to the right or 
left. The choice of the second column depends upon the actual declination. If it is 
greater than the value used for entering the table, use the next column to the right, 
and if less, use the next column to the left. If the value in the second column is 
greater than the base value, the sign is plus (+), and if less, the sign is minus (—). 
The accuracy of this important step can be checked by comparing the computed 
altitude (Hc) with the altitudes given in the main table of Pub. No. 214. If Ad has 
been given the correct sign (and applied correctly), Hc should lie between the 
tabulated altitudes in the columns for tabulated declination next smaller and next 
larger than the actual declination. 

The azimuth angle is given a prefix N or S to agree with the latitude, and a 
suffix E or W to agree with the meridian angle. For this reason it is good practice- 
to label these values when they are recorded. 
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The next step is to multiply Ad by d diff., to interpolate between the altitude 
entries for consecutive declination columns. In most instances, the easiest way to do 
this is to use the multiplication table on the inside back cover of Pub. No. 214 and 
its facing page, entering separately with minutes and tenths of minutes of Ad and 
adding the two parts. The correction, which is recorded below ht, is given the sign 
of Ad. The correction is then added or subtracted, in accordance with its sign, to ht. 
The answer is computed altitude (Hc). 

Azimuth (Zn), which is recorded below Hc, is found by converting azimuth 
angle (Z) in accordance with its labels, as explained in article 1430. Usually, azi- 
muth angle is found without interpolation. 

If Ad is changing rapidly, or when it changes sign (at the maximum altitude for 
the given meridian angle and latitude), interpolation may be somewhat less accu- 
rate than in other parts of the tables, but this should not introduce a large error 
unless the celestial body is near the zenith, when the method of Pub. No. 214 is not 
recommended. 

2015. Pub. No. 214 solution by Ad and At is similar to that using Ad only, but 
with the additional step of interpolating between the altitude entries for consecu- 
tive meridian angle entries, in a similar manner to interpolation for declination. 

Example.—Find computed altitude and azimuth if aL is 41°00‘0N, d is 
20°48/7S, and t is 22°14/0E. 


Solution.— 
t 22°14/0E t diff. 14/0 tcorr.(—) 4/2 
d 20°48/7S d diff. 11/3 d corr. (+) 10/8 
aL 41°00/0N corr.(+) 6/6 
ht 24°48/1 Ad (+) 0.95 At (—) 0.30 7, N157°4E 
corr. (+)6/6 
He 24°49/7 
Jn 15724 


In this solution, t diff. is the difference between the meridian angle and the 
nearest whole degree of t used for entering the table. The t corr. is t diff. x At, found 
by using the same multiplication table used for the d corr. The sign of At is found 
by inspection of the main table. In this example interpolation is between the base 
altitude for t 22°, and the altitude for t 23°. Since the altitude for t 23° is less than 
that for t 22°, the correction should be subtracted, so that the interpolated value 
will lie between the two values between which interpolation is being made. The sign 
of Ad is found by comparing the altitude for d 21°00’ with that for d 20°30’. The 
total correction is the algebraic sum of the t corr. and d corr. 

The principal advantage of this solution is that a round of sights can be worked 
and plotted from the same assumed position. However, this advantage is offset by 
the additional length of the solution. The method is little used. 

2016. Pub. No. 214 solution by Ad, At, and AL.—If the altitude and azimuth at 
a particular place are desired, interpolation should be made for all three variables, 
t, d, and L, if needed. The change in altitude for a change of latitude of 1’ (AL) is 
not tabulated. The table on the two pages preceding the multiplication table of Pub. 
No. 214 is used for finding the correction for latitude. 

Example 1.—Find computed altitude and azimuth if aL is 41°12.88, d is 


21°32/5S, and t is 8°52:3W. 
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Solution.— 
t 8°52/3W t'difte = 7 + = 
d 21°32/5S d diff. 2/5 tcorr. 2/4 
aL, 41°12/8S_ L diff. 12/8 dcorr. 2/4 
ht 69°04/0 Ad (+)0.94 At (+)0.382 L corr. 11% 
corr. (—)6/9 sum 4/8 11/7 
He 68°57/1 corr. (—)6°9 
Zn 336°0 Z S156°0W 


The corrections for meridian angle and declination are found as explained in 
articles 2014 and 2015. The L corr. is found by entering the correction table with 
azimuth angle and L diff., the difference between the latitude of the assumed 
position and the nearest whole degree used for entering the main table. It is 
customary to interpolate in this table, where applicable, but the error introduced by 
not doing so is always less than 0/3 if the nearest whole degree of azimuth angle is 
used. The sign of the latitude correction is determined by the rules given at the 
bottom of the correction table. The total correction is the algebraic sum of the three 
individual corrections. 

All of these are altitude corrections. The azimuth is that corresponding to the 
values used for entering the main table. If the exact value at the place is desired, it 
can be found by interpolation. If such an interpolation is made, the interpolated 
value should be used for entering the latitude correction table for altitude interpo- 
lation. 

In sight reduction for plotting lines of position, it is not customary to interpo- 
late for azimuth angle when Pub. No. 214 is used. However, if greater accuracy is 
desired, as for determining compass error, triple interpolation should be made. This 
is customarily accomplished by entering the main table of Pub. No. 214 with the 
nearest values of t, d, and L, and taking out the corresponding tabulated value. 
Simple eye interpolation is then used to determine separately the correction for 
each of the three variables. The algebraic sum of these is the correction applied to 
the base value. The Ad, At, and AL corrections are not used because these refer to 
the altitude, not the azimuth. Corrections are made to azimuth angle before it is 
converted to azimuth. 

Interpolation for azimuth is discussed in more detail in article 2028. 

The complete solution includes all of the parts listed in article 2001. Because of 
the various alternatives available for the separate parts, a large number of vari- 
ations might be used in the complete solution. 

Example 2.—During morning twilight on June 1, 1975, the 0624 EP of a ship is 
lat. 41°12/8S, long. 178°39/2E. At ZT 6"24™57s the navigator observes Mars with a 
marine sextant having an IC of (—) 1/0, from a height of eye of 53 feet. The hs is 
41°45/9, 

Required.—The a, Zn, and AP, using Pub. No. 214 (Ad, At, AL) and the Nautical 
Almanac. 
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Solution.— 
June 1 _ Mars a 
ZY 6®24™575 18h 1°3474N d (--)0.7 IC 1/0 
7ADY (=) ; corr, 08 D Teall 
GMT 18524™57° May 31 d 1°34/7N sfe-P 1/0 
18h 150°48/3 add'l. 0/1 
24575 6°14/3 w+) 0.8 aii et 
v corr. (+)0/3 corr. (—)9/0 
GHA 157°02/9 hs 41°45/9 
ar 178°39/2E Ho 41°36/9 
LHA 335°42/1 
iF 24°17/9E t diff. 17/9 ale = 
d 1°34/7N al olbee a7 t corr. 15 
aL 41°12/3S Lediff. 1223 d corr. AD, 
ht 49°13'1 Na Ole At e042 L corr. 10/3 
corr. (14200 sum 22'0 
He 41°51/1 corr. (=)22/0 
Ho 41°36/9 Z S§146°7E 
a 14.2A al; #41°1273S 
Zn 033°3 ad 178°39/2E 


Special Techniques 


2017. Adjustment of straight line of position.—Table 4 gives the corrections to 
the straight line of position (LOP) as drawn on a chart or plotting sheet to provide a 
closer approximation to the arc of the circle of equal altitude, a small circle of 
radius equal to the zenith distance. As shown in figure 2017, the corrections are 
offsets of points on the LOP and are drawn at right angles to the LOP in the 
direction of the observed body. The offset points are joined to obtain the arc of the 
small circle. Usually the desired approximation to the arc of the small circle can be 
obtained by drawing a straight line through two offset points. The magnitudes of 
the offsets are dependent upon altitude and the distance of the offset point from the 
intercept. 

2018. Graphical interpolation of altitude for latitude and local hour angle.—In 
principle the graphical method for interpolating altitude for latitude and local hour 
angle is the measurement of the difference of the radii of two circles of equal 
altitude corresponding to the altitudes of a celestial body from two positions at the 
same instant. One circle passes through the assumed position (integral latitude and 
that longitude providing an integral LHA), and the second circle passes through the 
dead reckoning position or other position from which the computed altitude is 
required. 

The measurement, which is the difference in zenith distances as measured from 
the zenith of the assumed position and the zenith of some nearby position, is 
effected as follows: 

1. Draw the azimuth line from the assumed position (AP) as shown in figure 
2018 (the azimuth angle is interpolated for declination increment before conversion 


to true azimuth). 
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Ficure 2017.—Adjustment of straight line of position. 


2. From the position (DR) for which the computed altitude is required, draw a 
line perpendicular to the azimuth line or its extension. This line approximates the 
arc of the circle of equal altitude passing through the DR. 

3. Measure the distance from the foot of the perpendicular to the DR in 
nautical miles. 

4, Enter table 4 with the distance of the DR from the foot of the perpendicular, 
and the altitude of the body as interpolated for declination increment; extract the 
offset. 

5. From the foot of the perpendicular and in a direction away from the celestial 
body, lay off the offset on the azimuth line or its extension. 

6. As shown in figure 2018, a closer approximation to the arc of the circle of 
equal altitude through the DR is made by drawing a straight line from the offset 
point to the DR. 

7. The required correction, in units of minutes of latitude, for the latitude and 
LHA increments is the length along the azimuth line between the AP and the arc 
of the circle of equal altitude through the DR. 

If the arc of the circle of equal altitude through the DR crosses the azimuth 
line between the AP and the body, the correction is to be added to the altitude 
interpolated for declination increment; otherwise the correction is to be subtracted. 


SIGHT REDUCTION 563 


Offset 0:4 Azimuth line extended 


[> Straight line 
\ representation of 
are of circle of 
| equal altitude 
| passing through 
DR (Altitude 
| interpolated for 
| declination, latitude, 
\ 

\ 

\ 

\ 

\ 


and LHA increments) 


Circle of equal altitude 
passing through AP 
(Altitude interpolated for 
declination increment only) 


DR 


31° W 30’ 30° W 


Figure 2018.—Graphical interpolation of altitude. 


The method will give highly satisfactory results except when plotting on a Mercator 
chart in high latitudes. 


Example.— 
Computed altitude from AP He 70°05/0 
Observed altitude Ho 70°00/0 
Intercept a 5.0A 
Computed altitude from AP He 70°05/0 
Difference of the radii 20/4 
Computed altitude from DR He 69°44/6 
Computed altitude from DR He 69°44'6 
Observed altitude Ho 70°00/0 
Intercept a 15.4T 


The basic method should have most frequent application in great-circle solu- 
tions. 

2019. Pub. No. 229 interpolation near the horizon.—This discussion is restrict- 
ed to the interpolation of altitude for declination within the 1° interval containing 
the horizon, indicated by the horizontal segments of the C-S Line. Interpolation of 
altitude in the interval under consideration. is accomplished by using the last 
tabular altitude and altitude difference appearing above the C-S Line. Since the 
last tabular altitude above the C-S Line indicates the body’s altitude above the 
horizon for LHA at top of page, for the pertinent latitude, and for the last integral 
declination above the horizontal segment of the C-S Line pertaining to that particu- 
lar latitude, interpolation resulting in positive altitudes may be carried out for 
increments of declination of contrary name so long as the interpolated altitude 
correction does not exceed the last tabular altitude above the C-S Line; for the 
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LHA at bottom of page, positive altitudes will result when interpolating altitude for 
increments of declination of same name so long as the interpolated altitude correc- 
tion exceeds the last tabular value above the C-S Line. Interpolation for declina- 
tions and increments of declination in excess of the above limits results in negative 
altitudes. 

The tabular azimuth angle pertinent to this one-degree interval of declination 
is that immediately above or that immediately below the C-S Line, according as the 
entering arguments are contrary or same name, respectively. The difference in 
azimuth angle for the interval is determined by taking the value of tabular azimuth 
angle, on the same side of the C-S Line as the LHA argument, from the supplement 
of that on the opposite side of the line. 

2020. Pub. No. 229 interpolation of negative altitudes.—This paragraph is 
restricted to tabular and interpolated altitudes for declinations other than one- 
degree intervals of declination containing the C-S Line. For all local hour angles at 
the top of the right-hand page, all tabular or interpolated altitudes on that page for 
declinations below the C-S Line are negative; also for any local hour angle at the 
bottom of the right-hand page, all tabular or interpolated altitudes for declinations 
above the C-S Line are negative; additionally, for these same local hour angles and 
latitudes changed to Contrary Name, the tabular or interpolated altitudes on the 
left-hand page are negative. Interpolation of altitudes for declination increments 
within these areas of negative altitude should, however, be accomplished as if the 
altitudes were positive, adhering strictly to the sign given d. Then, after interpola- 
tion, regard the results as negative. In all instances involving negative altitudes, 
except the one-degree interval of declination which includes the C-S Line, the 
supplement of the pertinent tabular azimuth angle is that to be converted to true 
azimuth by the rules to be found on each opening of the basic tables. 

2021. Interpolation near the zenith.—In the region within 4° of the zenith 
where normal interpolation methods are inadequate, the following method can 
usually be used to interpolate both altitude and azimuth angle. The Interpolation 
Table is employed in carrying out the desired interpolation, but the values of 
altitude and azimuth angle extracted from the basic tables constitute data which 
require independent differencing; the tabular altitude difference, d, is not used. 

To carry out the altitude interpolation, the basic tables are entered with the 
pertinent LHA and Dec., and with the integral degree of Lat. so chosen that, when 
increased by the declination increment, it is within 30’ of the known or DR latitude; 
this practice will prevent long intercepts. For these entering arguments and for a 
latitude and declination one degree more than the above referenced latitude and 
declination, respectively, extract the tabular altitudes and azimuth angles. The 
altitudes and azimuth angles are then differenced and with these differences inter- 
polation of altitude and azimuth angle for the desired declination is made, utilizing 
the Interpolation Table. The computed altitude is then compared with that observed 
tq determine the intercept, which together with the interpolated azimuth angle 
converted to true azimuth makes possible the construction of a line of position, 
which is plotted from the assumed longitude, and from the latitude of the entering 
argument, augmented by the declination increment. 
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Example 1.— 
LHA Lat. Dec. Ho 
Seas 31°06'N 28°35/1N 86°05/5 
Lat. Dec. Tab. He diff. Tab. Z diff. 
Sle + PY 86°01/4 138°2 
; (+)1/0 @50°3 
32 29° 86°02/4 138°5 


Interpolate to Dec. =28°35/1 
Dec. Inc. =35/1, diff.=(+)1/0, Z diff.=(+)0°3 


Tab..He 86°01/4 Tab. Z 138°2 
Correction (+)0/6 (+)0°2 
He 86°02/0 Z 13824 
Ho 86°05/5 
Intercept 3.00 Zn 221°6 
Plot from Lat. 31°35/1N 
Example 2.— 
LHA Lat. Dec. Ho 
Sone Lo: 387°58'S 36°13/1S 87°14/2 
Lat. Dec. Tab. He diff. Tab. Z diff. 
388° 36° 86°52/8 128°9 
(e)14 (+)0°4 
39° ai ie 86°54/2 129°3 


Interpolate to Dec. =36°13/1 
Dec. Inc. =13/1, diff.=(+)1/4, Z diff.=(+)0°4 


Tab. He 86°52/8 Tab. Z 128°9 

Correction (+)0/3 (43051 
He 86°53/1 Z 129°0 
Ho  87°14/2 

Intercept BA UT: Zn. 405120 


Plot from Lat. 38°13/1S 


2022. Precomputation.—Sometimes it is desired to determine computed altitude 
before the observation, generally for the purpose of obtaining a line of position 
quickly after the observation has been completed. This is called precomputation. 
When it is done, sextant altitude corrections are generally applied with reversed 
sign to Hc to obtain precomputed altitude (Hp), which is then compared directly 
with hs to obtain the altitude intercept for plotting a line of position. Where 
altitude is needed for entering correction tables, the computed altitude (Hc) is used. 
The error introduced by this practice is negligible except at low altitudes, where the 
corrections should be adjusted by using the Hp to reenter the tables. If greater 
accuracy is required, limit precomputation to He and Zn, and apply corrections to 
the sextant altitude after observation. 

Example.—On June 2, 1975, the 1025 DR position of a ship is lat. 42°21/4S, 
long. 118°47/1W. The navigator plans to observe the lower limb of the sun at this 
time with a marine sextant having an IC of (+)2/5, from a height of eye of 25 feet. 

Required.—(1) Precomputed altitude by Pub. No. 214, Ad only, (2) the a, Zn, and 


AP if hs is 22°23/6. Use Nautical Almanac. 
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Solution.— 
June 2 Sun gael Cpe 
ZT 10%25™00° 18" 22°10/5N d(+)0/3 ie aes 
ZD (+)8 \dcorr. (+)0/1 D 4'9 
GMT 18"25"00° June 2 d 22°10/6N @,13/7 
18" 90°32/0 sum 16/2 4/9 
25°00" 9F6°1570 corr, = “Cyl 


GHA 96°47/0 
ad 118°47/0W 


LHA 388°00/0 
t 22°00/0E 
d22° 11 25N d diff. 10/6 
aL 42°00/0S 
ht 22°50/5 Ad --(—)0.95 Z S157°9E 
corr. (—)10/1 
He 22°40/4 
corr. (+)11/3 (rev.) 


(COE, PEGA 


hs 22°23/6 
(2)a 5.5A aL 42°00/0S 
Tad Tipps ad 118°47/0W 


At the AP used in the calculation, Hp is correct only for the time used. 
However, if the observation is made early or late, the same Hp and Zn can be used 
by moving the AP along the parallel of latitude, eastward for early observations, or 
westward for late observations, a distance equal to 0/25 of longitude for each second 
(15/0 for each minute) difference between actual and predicted times. This adjust- 
ment is based upon the assumptions that the apparent motion of the body is 
westward at the rate of 15° per hour, and the declination is constant. Over the 
seconds or minutes likely to be involved, these assumptions and the possible in- 
creased length of the plotted lines do not introduce a significant error, except 
possibly for the moon. 

2023. Low altitudes.—When Hc is determined by inspection tables such as Pub. 
No. 214, a minimum tabulated altitude may be available. In Pub. No. 214, altitudes 
below 5° are not given. These tables can be used for low-altitude observations by 
selection of an AP that will result in Hc being 5° or greater. To do this, proceed as 
follows: At the time of observation, note the approximate azimuth of the celestial 
body. Plot the azimuth line through the DR or EP and measure off, toward the 
celestial body, a distance equal to 6°—hs (or 6°—Ho). Select the AP in relation to 
this point as if it were the DR or EP. Occasionally it may be necessary to use 7°—hs 
(or 7°—Ho). The increased length of the altitude intercept line does not introduce a 
significant error over the distance that a rhumb line can be considered identical to 
a great circle. Only in high latitudes is this a problem, and here the error can be 
virtually eliminated by using a chart projection on which a great circle plots as a 
straight line or approximately so. The error introduced by using a rhumb line to 
represent the circle of equal altitude (the line of position) is not increased because 
the AP selected is near the azimuth line. 

Example.—On June 1, 1975, the 1625 DR position of a ship is lat. 43°39/7S, 
long. 15°07/0W. At GMT 17524™225 the navigator observes the lower limb of the sun 
as it breaks out below an overcast, shortly before setting. He uses a marine sextant 
having no IC, and makes his observation from a height of eye of 52 feet. The hs is 
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1°01/6, air temperature (art. 807, vol. II) 24°F, and the atmospheric pressure (art. 
808, vol. IT) 30.16 inches. The sun’s azimuth is approximately 305°. 


Required.—The a, Zn, and AP using Pub. No. 214 (Ad only), the Nautical 
Almanac, and tables 23 and 24. 


Solution.— 
June 1 Sun Li Oy 
GMT 17524™22s June 1 178 = 22°02/1N d(+)0/3 IGe= — 
17> 75°34/4 d corr. (+)0/1 D 20 
24™22s 6°05/5 d 22°02/2N sum — 7/0 
GHA 81°39/9 corr. ()T0 
ad 20°39/9W hs 1°01/6 
LHA 61°00.0 ha 0°54/6 

t 61°00°0W 
d 22°02/2N d diff. 2/2 © 9/1 
aL 41°00/0S oT 173 
ht 62158 Ad(—) 0.75 ZS125°5W B 0/3 
corr. (—)1:7 | sum — 10/7 
He 5°20/1 corr. (—)10/7 
Ho 0°43/9 ha 0°54/6 
a 276.2A aL 41°00/0S Ho 0°43/9 

Zn 305°5 ad 20°39/9W 


Refer to figure 2023. From the 1625 DR position, the approximate azimuth of 
305° is plotted, as shown by the broken line. Along this line a distance of 
6°00/0—0°43/9=5°16/1, or 316.1 miles, is measured, locating the point labeled A. 
The AP is selected with respect to this point as if it were the DR position. The sight 
is plotted from this AP as in any observation. If it makes the plot easier, record a in 
the solution in degrees and minutes of arc instead of in miles (5°20/1—0°43/9= 
4°36/2=276'2=276.2 miles). 

Large altitude differences can be avoided by using a method of solution that 
provides for low altitudes. Among such methods are Pub. Nos. 229 and 249; nearly 
any trigonometric method such as the cosine-haversine formula, the Ageton Method 
(table 35); and most graphical and mechanical methods. All of these methods are 
discussed in chapter XXI. If a trigonometric method is used, the signs of the various 
functions (or special rules) should be used if there is a possibility of Hc being 
negative. The need for special care can be eliminated by using an assumed position 
about half a degree or more from the DR position or EP, in the direction of the 
celestial body, if the altitude is less than 0°30’. 

By any method of solution, if either Hc or Ho (but not both) is negative, the 
altitude intercept is found by numerically adding the two altitudes. Thus, if Hc is 
(+)0°12/6 and Ho is (—)0°03'2 the altitude intercept, a, is 15/8, or 15.8 miles. The 
positive altitude is greater than the negative one. Therefore, the a in this case is 
away. If both He and Ho are negative, the difference is found by subtraction, but in 
this case the one which is numerically smaller is the greater altitude. Thus, if Hc is 
(—)0°09’6 and Ho is (—)0°04‘3, the altitude intercept is 5.8T. 

2024. High altitudes are usually avoided for at least two reasons. First, bodies 
near the zenith are difficult to observe. A star or planet is difficult to “bring down” 
to the horizon. It is not always easy to determine the azimuth accurately, and when 
near the zenith, a body may be changing azimuth rapidly. On the other hand, such 
observations are little affected by astronomical refraction. The second reason for 
avoiding high altitudes is one of geometry. As the altitude increases, the radius of 
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Figure 2023.—Selecting an AP for low-altitude solutions by Pub. No. 214. 


the circle of position decreases. For a body near the zenith, the radius is so small 
that the use of a straight line to approximate the circle may introduce serious 
error. 

With higher altitudes, it is good practice to avoid use of lines of position 
extending a considerable distance from the azimuth line. Since the decrease in 
radius is gradual, there is no one altitude at which the curvature becomes exces- 
sive. However, a safe general rule, if one is needed, is to use the DR position or EP 
as the assumed position, and interpolate for azimuth angle, for all altitudes greater 
than 70°. The purpose of this is not primarily to decrease the altitude intercept, as 
sometimes suggested, but to decrease the length of the line of position. 

Within perhaps three degrees of the zenith, the curvature of the circle of 
position becomes so great that even for a short distance a straight line is not an 
adequate representation of the circle. At these altitudes, it is good practice to plot 
the line of position as a circle. This is done by using the geographical position (GP) 
of the celestial body as the center, and the zenith distance as the radius. Hence, no 
sight reduction tables are needed. The same body can be used for obtaining a fix 
from two observations separated by several minutes. In celestial navigation, as in 
piloting, a circle of position is advanced or retired by moving its center. 
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Example.—On May 31, 1975, the 1224 DR position of a ship is lat. 20°17/4N, 
long. 50°07/4W. The ship is on course 127°, speed 18 knots. Using a marine sextant 
having no IC, the navigator observes the lower limb of the sun twice, from a height 
of eye of 65 feet. The first observation is made at GMT 15515™15s, and hs is 88°01/1. 
The second observation is made at GMT 15"24™13s, and hs is 87°34/7. The GHA of 
the sun at GMT 15515™15* is 49°25'6. Use the same declination as at GMT 
15°24 135. 

Required.—The 1224 fix. 


Solution.— 
May 31 Sun + © =. 
GMT 15'15™15* May 31 d21°53/1N WG; = _ 
GHA  49°25/6 D 7/8 
© 15/9 
sum 15/9 7/8 
GP L: 21°53 1N corr. (+)8/1 
GPA, 49°25.6W hs 88°01/1 
radius 110.8 mi. Ho 88°09/2 
Z 1°50/8 
Sun a © es 
GMT 15"24™13* May 31 15" 21°53/0N d(-+)0/3 ica a 
v5? 45°36/8 deorr. (+)0/1 D Tes 
24™135 6°03/3 d 21°53/1N © 15/9 
GHA  51°40/1 sum 15/9 7/8 
corr. (4841 
CPt. 21 55.1N hs 87°34/7 
GPA. 51°40/1W Ho 87°42/8 
radius 137.2 mi. Zz Vee 


Answer.—1224 fix: L 20°09/0N, A 50°06/0W. 

The plot of this problem is shown in figure 2024. No significant error would be 
introduced by assuming the same declination and sextant altitude correction for 
both observations, and a change of GHA equal to the arc equivalent of the time 
difference between observations (art. 1811). In east longitude the GP longitude 


would be 360°—GHA. 
Latitude by Meridian Transit 


2025. Meridian altitudes.—The latitude of a place on the surface of the earth, 
being its angular distance from the equator, is measured by an arc of the meridian 
between the zenith and the equator, and hence is equal to the declination of the 
zenith; therefore, if the zenith distance of any heavenly body when on the meridian 
be known, together with the declination of the body, the latitude can be found. 

Figure 2025a shows the celestial sphere surrounding the earth: P,MP; is the 
upper branch of a celestial meridian and LL’.a portion of the corresponding geo- 
graphic meridian. The declination of a body at M (arc QM) is numerically equal to 
the latitude of its geographical position at GP. The zenith distance of a body is 
equivalent to the distance on earth between the geographical position of the body 
and the position of the observer. In figure 2025a the zenith distance of M is 30° and 
its declination is 20°N. If the body is on the meridian, the GP is also on the 
meridian. Since Pn, Z, and M are all on the celestial meridian, the navigational 
triangle flattens out to a line. The observer is 30° north of the GP (L 50°N) if the 


570 SIGHT REDUCTION 
52°W 51°W 50°W 49°Ww 

5 22°N 
oe GP, th 

10) B GP, 


21°N 21°N 


20°N 20°N 
52°W 51°W 50°W 49°W 


FicureE 2024.—Plotting high-altitude observations. 


body is seen to bear south, or 30° south of the GP (L’ 10°S) if the body is seen to 
bear north. The navigator knows whether the GP is north or south, because it is the 
same as the direction he faces when making his observation. 

In the diagram on the plane of the celestial meridian shown in figure 2025b, M 
is the position of a celestial body north of the equator but south of the zenith; QM is 
the declination of the body; SM is the altitude (h); and MZ is the zenith distance (z). 

From the diagram: 

QZ=QM+MZ, or L=d-+4z. 


With attention to the direction of the GP and the name of the declination, the 
above equation may be considered general for any position of the body at upper 
transit, as M, M’, M”. 

When the body is below the pole, as at M’’—that is, at its lower transit—the 
same formula may be used by substituting 180°—d for d. Another solution is given 
in this case by observing that: 


NP, =P,M’’+NM"", or L=p+h. 


By drawing that half of the diagram on the plane of the celestial meridian 
containing the zenith, the proper combination of zenith distance and declination is 
made obvious, as shown in the following examples: 

Example 1.—The navigator observes the sun on the meridian, bearing south. 
The declination of the sun is 10°00‘0N; the corrected sextant altitude (Ho) is 
60°00/0. 

Required.—The latitude. 
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Ficure 2025a.—Body on celestial meridian. 


Solution.—L=z-+d. (Fig. 2025c.) 


90°00/0 
Ho 60°00/0 
Zz 30°00/0 
d 10°00/0N 
L 40°00/0N 


Example 2.—The navigator observes the sun on the meridian, bearing south. 
The declination of the sun is 10°00/0S; the corrected sextant altitude (Ho) is 
65°00/0. 

Required.—The latitude. 

Solution. —L=z—d. (Fig. 2025d.) 


90°00/0 
Ho 65°00/0 
Z 25°00/0 
d 10°00/0S 


L 15°00/0N 
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Figure 2025c.—Meridian altitude diagram. 
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FicurE 2025d.—Meridian altitude diagram. 


Example 3.—The navigator observes the sun on the meridian, bearing north. 
The declination of the sun is 20°00‘0S; the corrected sextant altitude (Ho) is 
60°00/0. 
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Required.—The latitude. 
Solution.—L=z-+d. (Fig. 2025e.) 
90°00/0 
Ho 60°00/0 
30°00/0 
20°00/0S 
L 50°00/0S 


QN 


L=z+d 


N S 
Ficure 2025e.—Meridian altitude diagram. 

Example 4.—The navigator observes the sun on the meridian, bearing north. 
The declination of the sun is 23°00/0N; the corrected sextant altitude (Ho) is 
72°00/0. 

Required.—The latitude. 

Solution.—L=d-—z. (Fig. 2025f.) 

90°00/0 
Ho = _72°00/0 
Z 18°00/0 
d —_28°00°0N_ 
L 5°00/0N 
deta 
ermal 
eating, of 
\ 
m 29 


Ph 
N S 
Ficure 2025f.—Meridian altitude diagram. 


Example 5.—In the vicinity of the equator, the navigator observes the sun on 
the meridian, bearing north. The declination of the sun is 22°05-0N; the corrected 
sextant altitude (Ho) is 67°45°0. 

Required.—The latitude. 

Solution. —L=z—4d. (Fig. 2025g.) 


90°00°0 
Ho 67°45:0 
Zz 22°15:0 
d 22°05:0N 


L 0°10'0S 
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Figure 2025g.—Meridian transit in the vicinity of the equator. 


Example 6.—The navigator in high northern latitudes observes the sun on the 
celestial meridian, bearing north. The declination of the sun is 18°46/0N; the 
corrected sextant altitude (Ho) is 6°22/0. 

Required.—The latitude. 

Solution.—L=(180° —d)—z, or 

L=p+h. (Fig. 2025h.) 


90°00/0 
Ho 6°22/0 
Zz 83°38/0 
180°—d 161°14/0N 
L 77°36/0N 


L= (180°—d)-z, or 
L=p+h 


Ficure 2025h.—Meridian altitude at lower transit. 


Since the sun’s GP is 83°38/0 north of the observer in high northern latitudes, 
the GP is beyond the pole, or on the lower branch of the observer’s meridian. 
If an observation is made near but not exactly at meridian transit, it can be 
solved as a meridian altitude, with one modification. Enter table 29 with the 
approximate latitude of the observer and the declination of the body, and take out 
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the altitude factor (a). This is the difference between meridian altitude and the 
altitude one minute of time later (or earlier). Next, enter table 30 with the altitude 
factor and the difference of time between meridian transit and the time of observa- 
tion, and take out the correction. Add this value to Ho if near upper transit, or 
subtract it from Ho if near lower transit. Then proceed as for a meridian altitude, 
remembering that the value obtained is the latitude at the time of observation, not 
at the time of meridian transit. This method should not be used beyond the limits 
of table 30 unless reduced accuracy is acceptable. This process is called reduction to 
the meridian, the altitude before adjustment an ex-meridian altitude, and the 
observation an ex-meridian observation. It requires knowledge of the meridian 
angle, which depends upon knowledge of longitude. 

2026. Finding time of meridian transit.—If a meridian altitude is to be ob- 
served other than by chance, a knowledge of the time of transit of the body across 
the meridian is needed. 

On a slow-moving vessel, or one traveling approximately east or west, the time 
need not be known with great accuracy. The right-hand daily page of the Nautical 
Almanac gives the GMT of transit of the sun and moon across the Greenwich 
meridian (approximately LMT of transit across the local meridian) under the head- 
ing ‘Mer. Pass.” In the case of the moon, an interpolation should be made for 
longitude. This is performed in the same manner as finding the LMT of moonrise 
and moonset (art. 1912). In the case of planets, the tabulated accuracy is normally 
sufficient without interpolation. The time of transit of the navigational planets is 
given at the lower right-hand corner of each left-hand daily page of the Nautical 
Almanac. The tabulated values are for the middle day of the page. These times are 
the GMT of transit across the Greenwich meridian, but are approximately correct 
for the LMT of transit across the local meridian. Observations are started several 
minutes in advance and continued until the altitude reaches a maximum and starts 
to decrease (a minimum and starts to increase for lower transit). The greatest 
altitude occurs at upper transit (and the least at lower transit). This method is not 
reliable if there is a large northerly or southerly component of the vessel’s motion, 
because the altitude at meridian transit changes slowly, particularly at low alti- 
tudes. At this time the change due to the vessel’s motion may be considerably 
greater than that due to apparent motion of the body (rotation of the earth), so that 
the highest altitude occurs several minutes before or after meridian transit. 

If the moment at which the azimuth is 000° or 180° can be determined accu- 
rately, the observation can be made at this time. However, this generally does not 
provide a high order of accuracy. 

If the longitude is known with sufficient accuracy, the time of transit can be 
computed. A number of methods of computation have been devised, but perhaps the 
simplest is to consider the GHA of the body equal to the longitude if west, or 
360° —A if east, and find the time at which this occurs. 

Example 1.—Find the zone time of meridian transit of the sun at longitude 
156°44/2W on May 31, 1975. 
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Solution.— 
May 31 
A 156°44/2W 


GHA 156°44/2 
22h 150°36/1 


24325 6°08/1 
GMT 22n24m3 95 May 31 
ZD(+) 10 (rev.) 


ZT 12824™325 


This solution is the reverse of finding GHA. The largest tabulated value of 
GHA that does not exceed the desired GHA is found in the tabulation for the day, 
and recorded, with its time. The difference between this value and the desired GHA 
is then used to enter the ‘Increments and Corrections” table. The time interval 
corresponding to this value is added to the time taken from the daily page. If there 
is a v correction, it is subtracted from the GHA difference before the time interval 
is determined. The GMT can be converted to any other kind of time desired. If the 
Greenwich date differs from the local date at the time of transit (for the sun this 
can occur only near the 180th meridian), a second solution may be needed. This 
possibility can often be avoided by making an approximate mental solution in 
advance. As the basis for this approximate solution, it is convenient to remember 
that the GMT of Greenwich transit (GHA 0°) is about the same as the LMT of local 
transit. To find the time of transit of a star, subtract its SHA from the desired GHA 
to find the desired GHAY. Determine the time corresponding to GHAY, as ex- 
plained above for the sun. 

Aboard a moving vessel, the longitude at transit usually depends upon the time 
of transit. An approximate mental solution may provide a time sufficiently close. In 
the absence of better information, use ZT 1200 for the sun. Find the time of transit 
for the position at this time, and then make an adjustment, if necessary, for the sun 
between 1200 and the time found by computation. This adjustment is equal to four 
seconds for each minute of longitude involved. If the ship is west of the 1200 
position at the computed time of transit, add the correction; and if east, subtract it. 
The result is the first estimate of the zone time of local apparent noon (LAN) or of 
meridian transit. For high accuracy a second adjustment may occasionally be 
needed, but this is seldom justified because of the uncertainty of the vessel’s 
position. If the second adjustment is made, the result is the second estimate. 

The time of transit of the sun can also be found by means of apparent time 
(art. 1818). Meridian transit occurs at LAT 1270000’. This can be converted to any 
other kind of time desired. 

Example 2.—Find the zone time of meridian transit of the sun as observed 
aboard a ship steaming at 20 knots on course 255° on May 31, 1975, using the 
positional data given in figure 2026. 
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May 31 
360°00/0 

A 12°55 108 
GHA 247°05/0 

4h 240° 727 


omar 62713 
GMT An25m495 May 31 
ZD(—) 8 _—srev..) 


ZT 12525™495 
dA —_(+)0™865 


ZY E262 25s (first estimate) 


LMT 1158 
ZT 1226 


¢ 299 


S 20 


JISct geen 


FiGurRE 2026.—Time of meridian passage. 


The second estimate of the zone time of meridian transit is found by plotting 
the DR position for the first estimate of the zone time of transit and then applying 
the dd between this DR and the 1200 DR to the time found by computation. 

AV Mies ER 
dA (+)0™375 
Zlwete 2620" (second estimate) 


As shown in figure 2026, the zone times of meridian transit are noted on 
several successive meridians. This is accomplished by extracting the LMT of meridi- 
an transit from the daily page of the Nautical Almanac and converting this time to 
the zone time for each meridian. The time when the ship and the sun are on the 
same meridian can then be obtained by inspection to within approximately one-half 
minute. 


Polaris 


2027. Latitude by Polaris.—Another special method of finding latitude, avail- 
able in most of the Northern Hemisphere, utilizes the fact that Polaris is less than 
1° from the north celestial pole. As indicated in article 1482, the altitude of the 
elevated pole above the celestial horizon is equal to the latitude. Since Polaris is 
never far from the pole, its observed altitude (Ho), with suitable correction, is the 
latitude. 

The nature of this correction as tabulated in the Air Almanac is suggested by 
inspection of figure 2027b in which the circle represents the path of Polaris around 
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the north celestial pole (P,), as seen by an observer on earth looking along the axis 
P;Pn (fig. 2027a). The line ab represents a small portion of the observer’s meridian. 
Polaris is at upper transit at a and at lower transit at b. This is also shown in 
figure 2027b, to larger scale. Latitude is equal to the altitude minus the polar 
distance (p) when Polaris is at a and plus the polar distance when it is at 6. When 
the star is at any point c, the Polaris correction is polar distance times the cosine of 
the local hour angle (corr.=p cos LHA). Thus, the correction is a function of LHA of 
the star, and hence also of LHA ‘1, insofar as the difference between these quanti- 
ties (the SHA) can be considered constant. 


Z 


FicurE 2027a.—Latitude is equal to the (1) declination of Figure 2027b.—The correction is (—)aPn 
the zenith and (2) the altitude of the elevated pole. when Polaris is at a and (+)bPn when at 
Compare with figure 2027b. b. At any point c the correction is p cos 

LHA. At B or B’ the correction is zero. 


Although the above method usually provides sufficient accuracy for air naviga- 
tion, a higher degree of accuracy may be obtained by use of Polaris correction tables 
included in the Nautical Almanac. These tables are based on the following formula: 


Latitude—corrected sextant altitude=—p cos h+% p sin p sin? h tan (latitude), 
where p=polar distance of Polaris=90° — Dec. 
h=local hour angle of Polaris=LHA Aries+SHA. 


The value ao, which is a function of LHA Aries only, is the value of both terms 
of the above formula calculated for mean values of the SHA and Dec. of Polaris, for 
a mean latitude of 50°, and adjusted by the addition of a constant (58/8). The value 
ai, which is a function of LHA Aries and latitude, is the excess of the value of the 
second term over its mean value for latitude 50°, increased by a constant (0/6) to 
make it always positive. The value a2, which is a function of LHA Aries and date, is 
the correction to the first term for the variation of Polaris from its adopted mean 
position; it is increased by a constant (0'6) to make it positive. The sum of the 
added constants is 1°, so that: 


Latitude=corrected sextant altitude—1°+a )+a;+ap. 


The table at the top of each Polaris correction page is entered with LHA Aries, _ 
and the first correction (ao) is taken out by single interpolation. The second and 
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third corrections (a, and az, respectively) are taken from the double entry tables 
without interpolation, using the LHA Aries column with the latitude for the second 
correction and with the month for the third correction. 

Example 1.—During morning twilight on June 2, 1975, the 0525 DR position of 
a ship is lat. 15°43‘6N, long. 110°07/3W. At watch time 5'24™49s am the navigator 
observes Polaris with a marine sextant having an IC of (—)3/0, from a height of eye 
of 44 feet. The watch is 23° slow on zone time. The hs is 16°24/0. 

Required.—The latitude. 


Solution.— 
June 2 Polaris + > = 
WT 5524™49§ aM al = IC 3:40) 
WE (S)238s Ge ©8812 D 6/4 
ZT EP One equine: s¢-P gee 
ZD (+) 7 Gsm .0.3 sum (024 
GMT 12525™12* June 2 add’1 60/0 corr. (12 
125 70°20/2 sum 38/8 60/0 hs 16°24/0 
2oet2: 6°19/0 corr. (ala Ho 16°11/3 
GHAY 76°39/2 
r 110°07/3 W 
LHAY 326°31/9 
Ho 16°11/3 
corr. @)2r2 
L 15°50/1 N 


Since LHA °° is an entering value in all three correction tables, and since this 
is affected by the longitude, other observations, if available, should be solved and 
plotted first, to obtain a good longitude for the Polaris solution. For greater accura- 
cy, particularly in higher latitudes, and especially if considerable doubt exists as to 
the longitude, it is good practice to find the azimuth of Polaris and draw the line of 
position perpendicular to it, through the point defined by the latitude found in the 
computation and the longitude used in the solution. The azimuth at various lati- 
tudes to 65°N is given below the Polaris corrections. This table can be extrapolated 
to higher latitudes, but Polaris would not ordinarily be used much beyond latitude 
65°. In the example given above the azimuth is 000°8. 

The Air Almanac provides only the first correction, which it designates Q. 

Polaris observations can be solved like those of other celestial bodies, using the 
declination and SHA given in the tabulation near the back of the Nautical Alma- 
nac. 

The Polaris correction table in the Air Almanac lists the correction Q to be 
applied to the sextant altitude of Polaris to give the latitude of the observer. The 
correction is given in a critical table, with argument LHA Aries (1°) obtained from 
the daily pages. The effect of refraction is not included and so the sextant altitude 
must be fully corrected before use. 

Example 2.—On 1 June 1975 at GMT 02"53™32s in longitude 49°18’W, the 
corrected sextant altitude of Polaris is 54°46’. 

Required.—The latitude. 
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Solution.— 
GMT .2°53™325 June 1 Corr. sextant altitude 54°46’ 
BAe 291°28) Q (LHA 7, 243°03’) (+) 44’ 
3m328 0°53" : Latitude 55°30" 


GHA Y 292°21' 
r 49°18' W 


LHA 243°03' 


2028. Azimuth by tables.—One of the more frequent applications of sight reduc- 
tion tables is their use in computing the azimuth of a celestial body for comparison 
with an observed azimuth in order to determine the error of the compass. In 
computing the azimuth of a celestial body, for the time and place of observation, it 
is normally necessary to interpolate the tabular azimuth angle as extracted from 
the tables for the differences between the table arguments and the actual values of 
declination, latitude, and local hour angle. The required triple interpolation of the 
azimuth angle using Pub. No. 229, Sight Reduction Tables for Marine Navigation, is 
effected as follows: 

1. Refer to figure 2028a. The main tables are entered with the nearest integral 
values of declination, latitude, and local hour angle. For these arguments, a base 
azimuth angle is extracted. 


43°, 317° L.H.A. LATITUDE SAME NAME AS DECLINATION 


20 | 50 00.7+23.2 94.2| 49 55.7+246 95.4| 49 49.4+26.1 96.6) 49 41.9+275 97.8) 49 33.2+289 98.9} 49 23.3+303 100.1 20 
21 50 23.9 220 92.8] 50 20.3 236 94.0] 5015.5 250 95.2| 5009.4 266 96.4] 5002.1 280 97.6] 4953.6 294 988] 9} 


44°, 316° L.H.A. LATITUDE SAME NAME AS DECLINATION 


20 | 49 08.9+230 93.7] 49 04.5+245 94.8| 48 588+ 260 ee 48 52.0+274 97.) | 48 44.0+ 288 ee 48 34.8 +302 a 20 
49 


21 49 31.9 22.0 92.2| 49 29.0 235 93.4] 49248 250 946] 4919.4 264 95.7 12.8 278 96.9] 4905.0 292 98.0 2\ 


FiGurRE 2028a.—Extracts from Pub. No. 229. 


2. The tables are reentered with the same latitude and LHA arguments but 
with the declination argument 1° greater or less than the base declination argu- 
ment depending upon whether the actual declination is greater or less than the 
base argument. The difference between the respondent azimuth angle and the base 
azimuth angle establishes the azimuth angle difference (Z Diff.) for the increment of 
declination. 

3. The tables are reentered with the base declination and LHA arguments but 
with the latitude argument 1° greater or less than the base latitude argument 
depending upon whether the actual (usually DR) latitude is greater or less than the — 
base argument to find the Z Diff. for the increment of latitude. 
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4. The tables are reentered with the base declination and latitude arguments 
but with the LHA argument 1° greater or less than the base LHA argument 
depending upon whether the actual LHA is greater or less than the base argument 
to find the Z Diff. for the increment of LHA. 


5. The correction to the base azimuth angle for each increment is 


Inc. 


Z Ditto 


' 


The auxiliary interpolation table (art. 206, vol. II) can normally be used for 
computing this value because the successive azimuth angle differences are less than 
10°0 for altitudes less than 84°. 

Example 1.—In DR lat. 33°24/0N, the azimuth of the sun is observed as 09675 
pgc. At the time of the observation, the declination of the sun is 20°13/8N; the local 
hour angle of the sun is 316°41/2. 

Required.—The gyro error. 

Solution.—By Pub. No. 229: 

The error of the gyrocompass is found as shown in figure 2028b. 


Base Base Tab* Correction 
Actual Arguments Z Z Z Diff. Increments | (Z Diff x Inc. + 60) 


Corr. (])=071 
*Respondent for two base arguments and 1° 


Z N 97°7E 


Zn 097°7 change from third base argument, in vertical 
Zn pge 096°5 order of Dec., DR Lat., and LHA. 
Gyro Error 1°2E 


Figure 2028b.—Azimuth by Pub. No. 229. 


Using Pub. No. 214, Tables of Computed Altitudes and Azimuth, to determine 
the azimuth from the tabular values which are actually azimuth angles, interpola- 
tion is made for meridian angle, declination, and latitude. 

Example 2.—In DR lat. 41°25/9S, the azimuth of the sun is observed as 016°0 
pgc. At the time of the observation, the declination of the sun is 22°19‘6N; the 
meridian angle of the sun is 17°2274E. 

Required.—The gyro error. 

Solution.—By Pub. No. 214: 

(1) Refer to appendix N. In this example the tabular azimuth angle used as 
base Z is compared with the tabular azimuth angle for the base declination and 
latitude, but meridian angle 18° to determine the Z Diff. for meridian angle. 
Similarly, the base Z is compared with the tabular value for the base meridian 
angle and latitude, but declination 22° to determine the Z Diff. for declination; and 
with the base value of meridian angle and declination, but latitude 42° to determine 
the Z Diff. for latitude. . 

(2) Interpolation is between whole degrees of meridian angle and latitude, but 
between half degrees of declination when the declination is 29° or less. For declina- 
tions of more than 29°, the interpolation interval for declination varies. 


582 SIGHT REDUCTION 


fe} 


Increments r ; ‘ 
t corr.=Z Diff. x 7 =(—)1.0x —— =(—)0.4. 
il® 1°70 
‘ Increments 0°2 A 
d corr:=Z Diff.x ————— =(—)0.1xK — =(+)0.0. 
0°5 0°5 
Increments p 0°4 2 
L corr.—Z, Diff. < ——= ___ =(4+ 0.2 ao =(+)0.1. 
‘lhe ; 


The error of the gyrocompass is found as shown in figure 2028c. 


Base Base AN oy Correction 
Actual Arguments Z Z Increments + — 


Pe ats [ar(Contrary] 162-7 | teee9 | 02 


Base Z 162i 
Corr. (—) 0°.3 
Z S 162°.4E 
Zn 017°.6 
Znpge 016°.0 
Gyro Error 1°.6E 


*Respondent for two base arguments and 1° 
( 30’ for d) change from the third base argu- 
ment, in vertical order of t, d, and L. 


Figure 2028c.—Azimuth by Pub. No. 214. 


Solutions for azimuth are discussed in more detail in chapter VII of volume II. 

2029. Amplitudes.—For checking the compass, an azimuth observation of a 
celestial body at low altitude. is desirable because it can be measured easiest and 
most accurately. If the body is observed when its center is on the celestial horizon, 
the amplitude (A), which is the arc of the horizon between the prime vertical and 
the body, can be taken directly from table 27. 

The amplitude is given the prefix E (east) if the body is rising and W (west) if 
setting. It is given the suffix N if the body rises or sets north of the prime vertical 
(which it does if it has northerly declination) and S if it rises or sets south of the 
prime vertical (having southerly declination). The suffix is given to agree with the 
declination of the body. Interconversion of amplitude and azimuth is similar to that 
of azimuth angle and azimuth. Thus, if A=E15°S, the body is 15°south of east or 
90°+15°=105°. For any given body, the numerical value of amplitude would be the 
same at rising and setting if the declination did not change. 

When the center of the sun is on the celestial horizon, its lower limb is about 
two-thirds of a diameter above the visible horizon. When the center of the moon is 
on the celestial horizon, its upper limb is on the visible horizon. When planets and 
stars are on the celestial horizon, they are a little more than one sun diameter 
above the visible horizon. In high latitudes, amplitudes should be observed on the 
visible horizon. 

If the body is observed when its center is on the visible horizon, the observed 
value should be corrected by the value from table 28, using the rules given with the 
table, before comparison with the value taken from table 27. If preferred, the 
correction can be applied with reversed sign to the value taken from table 27 and 
compared with the uncorrected observed value. This is the procedure used if ampli- 
tude or azimuth is desired when the celestial body is on the visible horizon. 


CHAPTER XXI 


COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 


2101. Introduction.—Before the development of a means of determining accu- 
rate time at sea (art. 127), longitude could not be found by celestial observation. 
Celestial bodies were used for determination of latitude, and as an indication of 
direction, often in a very general way. The development of the marine chronometer 
opened up a whole new vista to the navigator. Immediately, methods began to 
appear to utilize this new dimension of navigation. During the two centuries that 
have elapsed, many of the best minds have been directed to the problem of provid- 
ing easier or more adequate methods of “reducing” the observations to a form 
suitable for determination of position. 

2102. Kinds of methods.—Various “‘special’’ methods have been devised to take 
advantage of some unique relationship to provide a simplified solution. The most 
widely used are latitude methods for determination of latitude by meridian altitude 
or observation of Polaris, and longitude methods for determination of longitude by 
observation of a body near the prime vertical. Both latitude and longitude methods 
have now been largely superseded by the altitude method, based upon the discovery 
of the altitude intercept, or difference, by the Frenchman Marcq St.-Hilaire (art. 
132). Most modern methods are of this type, although some latitude and longitude 
methods are still in use. 

The most commonly used methods utilize computation for determining certain 
information which is then plotted as a line of position, two or more such lines being 
needed for a fix. The “method” might consist of one or more formulas to be solved 
by general mathematical tables, a set of special tables conveniently arranged for 
use with the formulas, or a set of tables constituting a list of computed answers. A 
method which determines latitude or longitude separately requires no plot. In fact, 
a plot would be misleading unless the celestial body were almost exactly on the 
celestial meridian or prime vertical, or unless the azimuth were considered. While a 
number of methods determine latitude and longitude by computation, without 
plotting, other methods substitute a graphical or mechanical solution for computa- 
tion. 

2103. Meridian altitudes.—If a celestial body is on the celestial meridian at the 
time of observation, a modification of the high-altitude method (art. 2024) can be 
used at any altitude, without plotting the GP. Both GP and observer are on the 
same meridian, and the difference of latitude between them is the zenith distance 
of the body (90°—Ho). The direction of the GP is the direction faced during observa- 
tion (unless a backsight is made). The line of position is a latitude line. 

Several hundred years ago, when longitude could not be found accurately, and 
logarithms had not been invented, the finding of latitude furnished the only reliable 
navigation available on long sea voyages. Since most of these were in a generally 
easterly or westerly direction, it became common practice to sail first to the lati- 
tude of destination (“run down the latitude”) and then to follow this parallel until 
landfall was made. The meridian observation of the sun at local apparent noon was 
the most important navigational event of the day, and became a well-established 
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routine. On the basis of this observation at “high noon,” clocks were reset, and a 
new day, the nautical day, began. Intentional meridian altitudes of other celestial 
bodies were not as widely used as those of the sun. 

As accurate time became available at sea, and then more convenient tables and 
more accurate almanacs appeared, the noon sight lost its importance. Since the 
modern inspection table has been available, the use of meridian altitudes has 
decreased rapidly, and reduction to the meridian has all but disappeared. True, the 
solution of a meridian altitude is simple and quick, but this is more than offset by 
the need for determining the time at which to make the observation (art. 2025), the 
dislike of many mariners for having to make an observation at a predetermined 
time, the inconvenience sometimes experienced when local apparent noon occurs at 
a time when other activities conflict with observation, and the possibility of missing 
the observation because of overcast conditions. The practice of observing a body 
when a line of position is desired, and solving those which happen to have a 
meridian angle of 0° or 180° in the same manner as other observations, is a growing 
practice that eliminates the need for remembering a separate procedure for bodies 
on the celestial meridian. The modern navigator thinks primarily in terms of lines 
of position, rather than of latitude and longitude observations. 

Meridian altitudes are discussed in more detail in article 2025. 

2104. Ex-meridian altitudes.—If an observation is made near but not exactly at 
meridian transit, it can be solved as a meridian altitude, with one modification. 
Enter table 29 with the approximate latitude of the observer and the declination of 
the body, and take out the altitude factor (a). This is the difference between 
meridian altitude and the altitude one minute of time later (or earlier). Next, enter 
table 30 with the altitude factor and the difference of time between meridian 
transit and the time of observation, and take out the correction. Add this value to 
Ho if near upper transit, or subtract it from Ho if near lower transit. Then proceed 
as for a meridian altitude, remembering that the value obtained is the latitude at 
the time of observation, not at the time of meridian transit. This method should not 
be used beyond the limits of table 30 unless reduced accuracy is acceptable. This 
process is called reduction to the meridian, the altitude before adjustment an ex- 
meridian altitude, and the observation an ex-meridian observation. It requires 
knowledge of the meridian angle, which depends upon knowledge of longitude. If 
reasonable doubt exists regarding the longitude, the azimuth of the body at the 
time of observation should be determined, and the line of position drawn perpendic- 
ular to it (through the point defined by the “observed” latitude and the assumed 
longitude), rather than as a latitude line. There are alternative methods available. 
A correction to latitude can be applied, using the factor f from table 26. In 1899 A. 
A. Vilkitskiy, a captain in the Russian Navy, developed a mechanical device for 
determining the correction to be applied for reduction to the meridian. 

2105. Latitude by Polaris.—Another special method of finding latitude, avail- 
able in most of the Northern Hemisphere, utilizes the fact that Polaris is less than 
1° from the north celestial pole. As indicated in article 1432, the altitude of the 
elevated pole above the celestial horizon is equal to the latitude. Since Polaris is 
never far from the pole, its observed altitude (Ho), with suitable correction, is the 
latitude. 

Like other special solutions, latitude by Polaris has lost much of its popularity 
since modern inspection tables have become available. Being of magnitude 2.1, 
Polaris is not a bright star. It is normally considered available to the mariner only 
during twilight, when the azimuths of various celestial bodies relative to each other 
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are of more interest than an “easy” solution which is little, if at all, simpler than 
the usual solution by inspection table. If provision were made for solution of Polaris 
sights by inspection table, the special method would no longer be needed for 
ordinary navigation. 

2106. Longitude methods.—A celestial observation for a line of position, wheth- 
er reduction is to be by longitude method or by latitude method, consists of meas- 
urement of the altitude of a body with the noting of the time. If sight reduction is 
to be by the longitude method, the latitude must be known, or the best estimate 
used. With altitude, latitude, and declination (from the almanac), one is able to 
solve the navigational triangle (art. 1433) for meridian angle. This is converted to 
local hour angle. The Greenwich hour angle at the time of observation is deter- 
mined by means of the almanac. The difference between the GHA and LHA is the 
longitude. A time diagram (art. 1428) is useful in establishing the correct relation- 
ship. 

Longitude can also be determined by establishing the exact time of meridian 
transit, at which time the GHA (or 360°—GHA) is the longitude. 

If the latitude is known accurately, the longitude method provides a direct and 
relatively simple solution for position. However, since latitude is rarely known to 
the desired accuracy, a line of position is usually needed. This is obtained by either 
(1) solving for longitude at two or more assumed latitudes, and drawing a straight 
line through the points thus found (the Sumner method), or (2) solving for longitude 
at one point, determining the azimuth at this point, and drawing the line of 
position through the single point thus found, perpendicular to the azimuth of the 
body. 

The error introduced in the computed longitude as a result of an inaccurate 
latitude used in the solution increases as the celestial body departs from the prime 
vertical. If it is learned that an incorrect latitude has been used in the solution, a 
correction can be applied, using the factor F from table 26. If the body is near the 
celestial meridian, a small error in the latitude introduces a large error in the 
longitude. At any location, the azimuth of the body can be determined by observa- 
tion or computation, and a line of position drawn perpendicular to it, through the 
position defined by the latitude used in the computation, and the calculated longi- 
tude. Alternatively, solution can be made at two or more latitudes, and the line of 
position drawn through the two positions. It was the use of this second method in 
1837 by Captain Thomas H. Sumner, when his latitude was in doubt, that led to the 
discovery of the line of position from celestial observation (art. 131). 

No longitude method is more accurate than the GMT used for timing the 
observation. Before chronometers (art. 127) and time signals (art. 127) were avail- 
able, relatively few navigators attempted to determine longitude, and it was never 
established reliably. The search for a method of “discovering” longitude at sea was 
primarily a search for a means of determining time at the Greenwich meridian 
(arts. 126, 127). 

If the longitude is to be determined, most accurate results are obtained, by 
observation of a body on the prime vertical. The observation having been made, 
sight reduction can be made by time sight or, more conveniently, by an ordinary 
solution for a line of position, using an inspection table such as Pub. No. 229; Any 
general method of sight reduction can be used, without need for a special solution. 

Solution by the longitude method is usually called a time sight. The various 
longitude methods are all basically the same, differing only in choice of formulas 
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and arrangement of tables. The basic formula is: 


sin h—sin L sin d 
cos t= ) 
4 cos L cos d 


in which t is the meridian angle, h is the altitude, L is the latitude, and d is the 
declination. Early tables for solution of meridian angle were called horary tables. 

The time sight came into use following the development of the marine chro- 
nometer in 1763. Solution for meridian angle is usually by the formula 


hav t=sec L csc p cos S sin (S—h), 


in which p=90°—d if L and d have same name, and 90°+d if L and d have contrary 
names; and S= %(h+L-+p). 
When azimuth angle is used with the method, it is usually computed by one of 
the formulas 
sin Z=sin t cos d sec h 


or 
hav (180°— Z)=sec h sec L cos S cos (S—p). 


There are no rules with this method, but it is subject to possible large errors in 
high latitudes or if the body has a high declination. Various special tables have 
appeared for solution of the time sight: 

Cassini. The first “inspection tables’? were probably prepared by M. Cassini, a 
Frenchman, in 1770. These “horary tables” provided tabulated solutions for meridi- 
an angle. 

Lalande. The horary tables prepared in 1793 by Jerome Lalande, a Frenchman, 
provided tabulated solution for meridian angle for the sun and stars for all lati- 
tudes to 61°. 

Lynn Horary Tables, by Thomas Lynn, a commander of the East India Compa- 
ny Service, were published in 1827. These 242-page tables consisted of tabulated 
solutions of meridian angle computed by the time sight formula. Two years later 
they were followed by a volume of 364 pages of azimuth angle (Lynn Azimuth 
Tables) computed by the haversine azimuth formula. Entries are given for whole 
degrees of latitude to 60°, declination to 24°, and altitude to 60° (later 90°). The 
tables are accurate and well arranged, but the triple interpolation is tedious. 

Hommey. Louis Hommey’s Table d’angles horaires (horary tables), published in 
two volumes in France in 1863, contained more than 40,000 hour angles calculated 
for “all latitudes.” These tables were an improvement on those of Cassini and 
Lalande. 

Martelli. In 1873 a small volume of 49 pages by G. F. Martelli, an Italian, was 
published in New Orleans. This book, called simply Tables of Logarithms, provided 
a relatively short, fast solution for meridian angle, with very few rules and only one 
interpolation. Martelli abandoned the inspection table and provided five short 
tables for a four-place logarithmic solution by the formula 

cos (L~d)—cos z 


hav t= 

2 cos L cos d 
Solution required six book openings, six table entries, and four mathematical steps. 
Hour angles were given only to eight hours, and no provision was made for azi- 
muth. 
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This method proved very popular, and is still used among navigators of several 
countries. A 1932 edition was published in Glasgow, Scotland, with explanations in 
French, Dutch, Italian, and Spanish, as well as in English. A 1944 edition added 
provision for finding azimuth angle, and for solution by the altitude method. 

Thomson. A table of only nine pages by Sir William Thomson, better known as 
Lord Kelvin, was published in London in 1876 to provide a solution for the longi- 
tude method. This very thin volume, called Tables for Facilitating Sumner’s Method 
at Sea, contains the first known solution by dividing the navigational triangle into 
two right triangles. In 1849 Towson (art. 2126) had divided the triangle in the same 
manner, but this solution was for reduction to the meridian. Lord Kelvin divided 
the triangle by dropping a perpendicular from the celestial body to the celestial 
meridian of the observer, as shown in figure 2111. He used a for the length of the 
perpendicular v, 5’ for x, and 6 for w (of fig. 2111). His solution uses the formulas 


sin a 
sin? t= “sae, 
cos d 
sin d 
cos b= ; 
cos a 


sin h= cos a cos 0’, 


sin a 
Sil 2 see 
cos h 


The tables are entered with half the colatitude (using colatitude to the nearest 
whole degree) in column 0b. With a pair of dividers, search is made in the “cohypo”’ 
column for two numbers, one agreeing with the altitude, and the other with the 
declination. The number in column A opposite the altitude in the cohypo column is 
the azimuth angle, and that opposite the declination is the meridian angle, interpo- 
lation being used if needed. The line of position is adjusted for the difference 
between the interpolated altitude and the observed altitude. 

Although the tables are among the shortest of the various methods, their 
manipulation is difficult. In 1880 Kortazzi, a Russian astronomer, attempted to 
modify the tables to provide an easier solution, but without great success. 

Davis’ Chronometer Tables, providing a solution for the longitude method, were 
published in 1897 in London. They are similar to Lynn’s tables, using his values but 
providing assistance in interpolation by adding values of change with latitude, 
declination, and altitude. As with Lynn, a separate volume is given for azimuth 
angle, in which there is no interpolation. Originally Davis’ tables were limited to 
latitude 50° and declination 24°, but later tables were published for declinations 23 
to 64°. A limited number of altitude entries is given. 

Blackburne. Tables by H. S. Blackburne, a New Zealander, were published in 
London in 1914 under the title The Excelsior Azimuth and Position Finding Table. 
The tables, providing a solution by the longitude method, are similar to Lynn 
Horary Tables and Davis’ Chronometer Tables but with a new determination of 
azimuth based upon the ratio of variation of latitude to variation of meridian angle. 
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Azimuth angles (ten pages) are given in a separate tabulation in the same volume 
with meridian angles (242 pages). 

Blackburne’s arrangement is more modern than that of Davis. This was the 
first publication to include columns for variations of t for 1’ of declination, latitude, 
and altitude. Meridian angles are given to 031. Latitude is limited to 30°, and 
declination to 23°. 

Rust. In 1918 the Practical Tables for Navigators and Aviators, by Captain 
Armistead Rust, USN, were published in Philadelphia. This small volume of 37 
pages of tables reverted to a logarithmic solution, as did Martelli’s, using the 
following formula for determining meridian angle: 


log hav t=log sec L+log sec d+log ¥2 [cos (L~d)—sin h]. 


The volume has three tables. Table A tabulates log secants for obtaining the 
first two terms of the formula. Table B is a double-entry table giving log '% [cos 
(L~d)—sin h]. Table C gives log haversines. Values are given to four places. 

Azimuth angle is obtained from an original diagram computed from the well- 


known formula 
sin Z=sin t cos d sec h. 


This diagram had been given in a volume of ex-meridian tables by Rust published 
in 1908. In the Practical Tables an auxiliary diagram was added to indicate the 
meridian angle when the celestial body is on the prime vertical. The purpose of the 
diagram is to resolve possible ambiguities when the azimuth angle is near 90°. The 
Rust azimuth diagram was used later by Goodwin and Weems, and in the Italian 
Tavole H (art. 2110). 

Goodwin. The Alpha, Beta, Gamma Navigation Tables of H. B. Goodwin, an 
Englishman, were first published in London in 1921. This is a small volume having 
two tables with a total of 34 pages. Meridian angle is found from the formula 


cos (L~d)—cos z 


ver t= 
cos L cos d 


Table I has two values, a being the angle in seconds of arc, and 8 being four- 
place natural cosines multiplied by 1,000 to eliminate the decimal. Table II provides 
y, the logarithms for the values of versine t. 

The Rust diagram is used for determining azimuth angle. 

Instructions are included for use of the tables for altitude method of solution, 
and for reduction to the meridian. 

H.O. Pubs. Nos. 203 and 204 (Littlehales), The Sumner Line of Position of 
Celestial Bodies, were published by the U.S. Navy Hydrographic Office in 1923. 
These tables, prepared by George W. Littlehales, provide in two large volumes (847 
and 675 pages, respectively) tabulated solutions of the meridian angle and azimuth 
angle, using the general time sight formulas. The arrangement is similar to that of 
Davis and Blackburne, but t and Z are tabulated together in consecutive columns. 
Latitude is limited to 60°, and declination to 27° in H.O. Pub. No. 203 and to 64° in 
H.O. Pub. No. 204. Interpolation for latitude is avoided by using the nearest whole 
degree, and shifting the line of position for the difference between the altitude at 
this latitude and the observed altitude. 

These publications are no longer in print. 
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Soule and Dreisonstok. In 1932 these two Americans prepared a small volume 
providing a logarithmic solution of the longitude method, using the formulas 


1 sec S csc (S—h) 


hav t pe sec L csc p 
and 
1 sec S sec (S—p) 


hay (180°—Z) sec L sec h 


where S= % (h+L+p) and p=90°+d. 

The “azimuth” determined in this way is the direction of the line of position 
(Z+90°) rather than that of the celestial body. 

Weems’ Secant Time Sight was published in 1944 by Captain P. V. H. Weems, 
USN (Ret.), to provide a short solution based entirely upon secants and cosecants, 
using the formulas 

sec S csc (S—h) 


esc? 42 t= 
sec L sec d 


and 


esc t sec d 
CSC. Ls aan EL 
sec h 


where S=% (h+L-+p). A Rust azimuth diagram is included for those who prefer a 
diagrammatic solution. 

2107. Finding time on prime vertical.—Best results by time sight are obtained 
when the celestial body is on the prime vertical. As explained in article 1432, a 
celestial body having a declination of opposite name to the latitude crosses the 
prime vertical below the horizon. Its nearest visible approach is at the time of 
rising and setting. 

If a celestial body has a declination of the same name as the latitude, but is 
numerically greater, it does not cross the prime vertical. Its nearest approach (in 
azimuth) is at the point at which its azimuth angle is maximum. At this point the 
meridian angle is given by the formula 


sec t=tan d cot L, 


and its altitude by the formula 
esc h=sin d csc L. 


A celestial body having a declination of the same name as the latitude, and 
numerically smaller, crosses the prime vertical at some point before it reaches the 
celestial meridian, and again after meridian transit. At these two crossings of the 
prime vertical, the meridian angles are equal and are always less than 90°. They 


are given by the formula 
cos t=tan d cot L. 


The altitudes are also equal, and are given by the formula 


sin h=sin d csc L. 
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Meridian angle and altitude of bodies on the prime vertical, and similar data 
for the nearest approach (in azimuth) of those bodies of same name which do not 
cross the prime vertical, are given in table 25 for various latitudes, and for declina- 
tions from 0° to 23°, inclusive. Similar information can be determined by means of 
Pub. No. 214, entering with latitude and declination, and finding the meridian 
angle and altitude corresponding to an azimuth angle of 90° (or the maximum 
azimuth angle for nearest approach). Since this information is generally not re- 
quired to great accuracy, interpolation is not needed. 

To find the time of crossing the prime vertical, convert t to LHA, and add west 
longitude or subtract east longitude to find GHA. The GMT at which this GHA 
occurs can be found and converted to any other time desired. 

Example.—Determine (1) the approximate zone time, and (2) the approximate 
altitude of the sun when it crosses the prime vertical during the afternoon of May 
30, 1975, at lat. 51°32/3N, long. 160°21/7W, using table 25 and the Nautical Alma- 
nac. 


Solution.— 
May 30 
t 71°6W (from table 25) 
LHA 71°6 
rN 160°4W 
GHA 232°0 
35 =. 225°6 
26™ 6°4 


GMT 0326 May 31 
ZD (+)11 (rev.) 


(1) ZT 1626 May 30 
(2) h 28°4 (from table 25) 


At the time of crossing the prime vertical, or at nearest approach (in azimuth), 
a celestial body is changing azimuth slowly, and therefore this is considered a good 
time to check compass deviation or to swing ship. 

The prime vertical at any place is the celestial horizon of a point 90° away, on 
the same meridian. Therefore, a celestial body crosses the prime vertical at approxi- 
mately the same time it rises and sets at the point 90° away. Thus, if one is at 
latitude 35°N, the sun crosses his prime vertical at about the same time it rises or 
sets at latitude 55°S. If time of sunrise and sunset are to be obtained accurately by 
this method, corrections must be applied for semidiameter and refraction. 

2108. Altitude methods, like longitude methods, require an accurately timed 
observed altitude of a celestial body. Usually, in both types of solution, the naviga- 
tional triangle is solved, but in the altitude method, t, d, and L are used in solving 
for altitude. The method is based upon the concept of circles of equal altitude 
explained by Commander Marcq St.-Hilaire, a Frenchman, in 1875 (art. 132). For 
this reason it is often called the Marcq St.-Hilaire method. It may also be called the 
altitude intercept method because it uses the difference between computed and 
observed altitudes, a value called an altitude intercept. 

The altitude method has largely replaced the latitude and longitude methods, 
although some navigators still prefer the older methods. The principal advantage of 
the altitude method is that it provides a universal solution that is equally reliable 
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in all latitudes, with all values of declination, and with all values of meridian angle. 
Even for observations of celestial bodies near the zenith the altitude method is 
applicable, although in this case an arc of the circle itself is plotted, without the use 
of the altitude intercept (art. 2004). However, the formulas selected for some of the 
“short methods” do impose some limitations when those methods are used. 

For many years following introduction of the altitude method, the concept was 
termed the “new navigation,’ an expression now seldom heard. At first, an attempt 
was made to adapt existing tables to the altitude method. Some were more readily 
adaptable than others. In due course, various methods designed for use with the 
altitude method made their appearance. These methods may be grouped in six 
classifications: those which do not divide the triangle, those which divide it by 
dropping a perpendicular from each of the three vertices, those which do not use 
the navigational triangle, and the modern “inspection table.’ However, not all 
inspection tables are for altitude methods. In practice, the dropping of a perpendicu- 
lar from the pole has not been used except in great-circle sailing (art. 903). This 
would result in dividing both the meridian angle and zenith distance into two parts, 
a condition that has not proved attractive. 

2109. Altitude methods, triangle not divided.—The basic formula for solution of 
the undivided navigational triangle is 


sin h=sin L sin d+cos L cos d cos t, 


derived from the law of cosines. A number of special tables have been prepared for 
solution of the undivided triangle: 

Davis’ Requisite Tables, published in London in 1905, introduced the cosine- 
haversine formula to navigation, although it had been used previously by astrono- 


mers. This formula is 
hav z=hav (L~d)-+cos L cos d hav t, 


in which z is zenith distance (90°—h). This is sometimes written 
hav z=hav (L~d)-+hav 9, 
in which hav @=cos L cos d hav t. It might also be written entirely in haversines: 
hav z=hav (d—L)-+hav t [hav (180° -L—d)—hav (d—L)]. 


In this formula the sign of d is reversed if L and d are of contrary name. The 
haversine of an angle is positive whether the angle is positive or negative. 

These tables were the first to give log haversines and natural haversines in one 
table. The method was little used at first, but later proved very popular, and as 
haversines became available from additional sources, the formula was used even 
more widely. Davis’ original tables made no provision for azimuth. 

Since the cosine-haversine formula can be used for solution with tables 33 and 
34, an example is given below, with solution of azimuth by the formula 


sin Z=sin t cos d sec h. 


Example.—A celestial body a little to the south of west is observed, with the 
following results: t 80°45/9W, aL 41°12/38, d 21°50°7S. 
Required.—The He and Zn by the formulas given above. 
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Solution.— 
t 80°45/9W lhav 9.62300 Zsin 9.99434 
aL 41°12/3S lcos 9.87648 
d 21°50/7S lcos 9.96764 lZcos 9.96764 
0 — lhav 9.46707 n hav 0.29313 
Lied 9 2146 n hav 0.02827 
z 69°04/3 n hav 0.32140 
He 20°55/7 lsec 10.02964 
Zn 258°8 Z, 878°47/0W Zsin 9.99162 


This is typical of logarithmic solutions, except that there are no “rules” for the 
altitude computation. As pointed out in article 2125, the formula used for azimuth 
angle does not indicate whether the body is north or south of the prime vertical. 

Ball. In 1907 Rev. Frederick Ball’s Altitude or Position Line Tables were 
published in London. There are two volumes of 244 and 240 (later 313) pages, 
respectively, the first volume having tables for latitude 0° to 30°, and the second, 
31° to 60° (ater editions 24° to 60°). These were the first inspection tables for the 
altitude method. The tabulated altitudes were computed by the haversine formula. 
The assumed position is selected so that latitude and meridian angle are the 
nearest whole degree, but no assistance is given for interpolation of altitude for 
declination. 

Azimuth angle is not tabulated, being found by the altitude tables, interchang- 
ing altitude and declination, and finding azimuth angle (in hours and minutes) in 
the meridian angle columns. Since declination is limited to 24° in the first edition 
and 60° in later editions, this method is not available for azimuth if altitude is 
greater than this amount. In this case azimuth angle is found by the formula 


sec Lx Ah (for 8™) 


120 


This formula had not previously been used in navigation. 

Davis’ Alt-Azimuth Tables were published in London in 1917. This volume lists 
both altitude and azimuth together for the first time. Latitudes included are from 
30° to 64°, and declinations from 0° to 24°. In 1921 a second volume was published 
for latitudes 0° to 30°. Entries are for each whole degree of latitude and declination, 
and for each 4™ (1°) of meridian angle. However, for each meridian angle, altitude 
or azimuth angle is given alternately. Thus, azimuth angle is given for meridian 
angles of 0™, 8™, 16™, 24™, etc., and altitude for meridian angles of 4™, 12™, 20™, 28™, 
etc. Altitudes are given in bold type. All declinations entries (0° to 24°) are given on 
facing pages. Tables for latitude and declination of the same name are given in the 
first part of the book and those for contrary names in the last part, the two parts 
being separated by several auxiliary tables. Altitude is given to the nearest 1’, and 
azimuth angle to the nearest 0°1. Altitudes are carried down to the horizon, and 
the local apparent times of sunrise and sunset are also given, with the azimuth 
angle at these times. Because of the 8™ interval between altitude entries, and the 
use of an assumed position to avoid interpolation for change in meridian angle, 
large altitude differences sometimes arise. 

H.O. Pub. No. 201, Simultaneous Altitudes and Azimuths of Celestial Bodies, 
was published by the U. S. Navy Hydrographic Office in 1919. In this volume of 606 
pages, altitudes and azimuths were tabulated in parallel columns for the first time. 
Latitude is limited to 60° and declination to 24°. Virtually all altitudes above the 


sin Z= 
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horizon are included. The tables are well arranged and very legible, but no assist- 
ance is given for interpolation of altitude or azimuth angle for a change of declina- 
tion. Meridian angles are given at intervals of 10™ (2°5). Since the assumed position 
is selected to avoid interpolation of altitude or azimuth for meridian angle, large 
altitude differences result in some instances. This publication is no longer in print. 

Yonemura. In 1920 S. Yonemura’s Tables for Calculating Altitude and Azi- 
muth of Celestial Bodies were published in Japan. This small table of 39 pages 
contains logarithms of haversines and secants, arranged for convenient solution of 
the formulas 


hav (90° —h)—hav (L~d)=hav 6, 


1 
—(log sec L+log sec d)=log ; 
hav 6 hav t 


log 


log esc Z=log cse t+ log sec d—log sec h. 


The method is similar to that of Davis’ Requisite Tables but includes solution 
for azimuth angle. The table is included in the book of Ogura’s tables (art. 2110). 

Braga. The Téboas de Alturas by Roméo Braga, a Brazilian, were published in 
1924 in Paris. This is a table of natural haversines arranged for solution of the 
formula in which 

hav (90°—h)=A-+B, 

in which A=hav t—[hav (L+d) hav t] 
and B=hav (L—d)—[hav (L—d) hav t]. 


The first table of 108 pages is for solution for A and B. The second table of nine 
pages is for finding h. 

The assumed latitude is selected so that (L+d) is a whole degree. The assumed 
longitude is selected so that t is a whole degree. 

No provision is made for azimuth. 

Japanese H.O. Pub. No. 601, Celestial Navigation Computation Tables, was 
published in 1942. The method is similar to that of Yonemura, the triangle not 
being divided and a modification of the cosine-haversine formula being used for 
altitude. 

Waller. In 1946 George W. D. Waller, a naval officer on duty as a navigation 
instructor at the U. S. Naval Academy, proposed a solution by means of Gaussian 
logarithms, commonly called “addition and subtraction logs.’”’ The formula 


esc d csc L 


esc h= 
esc d ese L 


ee 
sec d sec L sec t 
was derived from the basic formula given above, and 


esc t sec d 
CSC. L— Gana 
sec h 


was derived from the time and altitude azimuth formula given in article 2125. 
A single table of 30 pages would contain in consecutive columns the following 


values: 
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A =log secant 

B_ =log cosecant 

C— =log (cosecant + 1)—log cosecant 
C+ =log cosecant —log (cosecant — 1). 


All values would be multiplied by 100,000 to eliminate decimals. One additional 
page would contain A and B values for all whole degrees from 0° to 180°. The values 
C+ and C— are the Gaussian logs. 

The method is reasonably short and simple. Its publication as the “A, B, C 
Method,” with suitable explanation, was prevented by the untimely death of its 
originator. 

Hugon. Nouvelles Tables Pour le Calcul de la Droite de Hauteur a Partir du 
Point Estimé, by the French hydrographic engineer, Professor P. Hugon, were 
published in 1947. This logarithmic solution is based upon the fundamental formula 


sin h=sin L sin d+cos L cos d cos t, 
from which the following is derived: 

hav z=Xy+ Yx 
in which 


X=hav (180°—t)=cohav t 

y=hav (d—L) 

Y=havt 

x=hav [180°—(d+L)]=cohav (d+ L). 


The formula for z may then be written 
hav z=A+B 

in which 
log A=log X+log y 
log B=log Y +log x. 


Solution is by means of a table of 90 pages which lists in parallel columns 
values of log cohav, log hav, and natural hav for every minute of arc from 0° to 
180°. The solution requires six book openings, seven table entries, and five mathe- 
matical steps. 


Azimuth is found from a diagram in a pocket on the inside back cover. This 
diagram is designed to solve the formula 
M=aX+ BY, 
in which 
M=cos h cos Z 


a=sin (d—L) 


t 
X=cos? — 
2 


B=sin (d+L) 


t 
Y=sin?>. 
7} 


Chiesa. About 1948 the Tavole nautiche e Tavole dei Semisenoversi of the 
Italian Stefano Chiesa were published in Genova, Italy. These include tables for 
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computation of altitude by the cosine-haversine formula, and “A, B, C” tables for 
computation of azimuth angle by the formula 


hav Z=[hav p—hav(L—h)] sec L sec h. 


Rose. In 1952 the Nautische Tafeln of G. Rose were published in Germany. This 
volume has a convenient table for computation of the altitude by the cosine- 
haversine formula. It also includes the “A, B, C’ azimuth tables of Lecky (art. 2126). 
Various other tables are included, a number of them having been taken from an 
earlier work of the same name by Dr. Otto Fulst, published in numerous editions 
since 1860. 

Doniol. The Miniature Navigation Table for Altitude and Azimuth, by R. 
Doniol, a Frenchman, was published in 1955. This is undoubtedly the shortest of all 
sight reduction tables, consisting of only two pages. The formula for altitude was 
derived from the basic formula given above. The formula used is 


sin h=n—(n+m) a, 


in which n=cos (L—d), m=cos (L+d), and a=hav t. 
The formula for Z was derived from the formula 


tan d cos L—cos t sin L 


cot Z= 
sin t 
The formula used is 
cos d 
tan Z= p 
vy 
in which y=fAy-+f’Ay. In this expression, 
tan % t cot % t 
f= = f'= . 
Zesiniels 2 sink! 


Ay=sin (d+L) sin 1’, and Ay=sin (d—L) sin I’. 

The first of the two tables gives sines and cosines for each half degree, and 
tangents for half degrees of 45° and more. Interpolation is performed by means of a 
tabulated A value which is the change of sine or cosine for 1’. Interpolation is 
minimized by selecting an assumed position so that t and either (L+d) or (L—d) are 
an exact half degree. 

The second table gives the value of t in degrees, minutes, and seconds, and the 
values of f and f’ corresponding to selected values of a (natural haversines). The 
interval between consecutive tabulated values of haversine varies from 0.0002 to 
0.005. é 

The solution is generally accurate to 0/1 of altitude and 0. 1 of azimuth, but the 
method requires a number of relatively simple mathematical steps, making it 
somewhat longer than most “short” solutions. — . 

2110. Altitude methods, perpendicular from zenith.—In figure 2110 the naviga- 
tional triangle is shown in heavy lines on a diagram on the plane of the celestial 
meridian (art. 1432). The broken line is a perpendicular from the zenith to the hour 
circle of the celestial body. This perpendicular may fall outside the triangle. In 
figure 2110 it divides both the azimuth angle (at Z) and the codeclination side into 
two parts. The length of the perpendicular is designated v and the two parts of the 
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codeclination are designated w and x. By means of Napier’s rules (art. 142, vol. ID, 


the following basic formulas can be derived: 


sin v=cos L sin t 
cos w=sin L sec v, or tan w=cot L cos t 
sin Z'=sin w sec L, or cot Z'=sin L tan t 
sin h=cos vu cos x 
sin Z” =sin x sec h, or cos Z” =tan v tan h, 


in which x=90° —(d+ w). 


Na 


Ficure 2110.—Navigational triangle with 
perpendicular from zenith to hour circle. 


(1) 
(2) 
(3) 
(4) 
(5) 


This basic method has been modified in a number of ways, having proved the 


most popular altitude method. 


Souillagouet, a French professor of hydrography, was the first to divide the 
navigational triangle by dropping a perpendicular from the zenith. His Tables du 
Point Auxiliare were published in France in 1891. He designates various parts of 


the diagram of figure 2110 as follows: 


v is designated a 
w is designated b 
x is designated 90°—(d~b). 


His formulas for altitude are 


tan b=cot L cos t 
sin a=cos L sin t 
sin h=cos a sin (d~b). 


For azimuth angle, the perpendicular is dropped from the celestial body to the 
celestial meridian, a being the perpendicular and b that part of the celestial 
meridian from the pole to the foot of the perpendicular. The following formulas are 


used: 


tan b=cos t cot d 
sin a=sin t cos d 
cot Z=cos (L+b) cot a. 
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The assumed position is selected so that latitude is the nearest 15’ and meridi- 
an angle is the nearest 1™ or 15’ (2™ or 30’ for latitudes greater than 60°). There are 
four separate tables with a total of 408 pages. The method requires five book 
openings, seven table entries, and six mathematical steps. Interpolation is not 
needed. 

Bertin. A French professor of hydrography, Charles Bertin, devised tables 
similar to those of Souillagouet, which were published in Paris in 1919 under the 
title Tablette de Point Sphérique. Bertin used Souillagouet’s formulas for altitude, 
but for azimuth angle he dropped the perpendicular from the zenith, as for altitude, 
and used the following formulas: 


sin Z,;=sin c sec L 
cot Z2=sin b tan (c+d) 
Z=Z; Nhs, 


In these formulas, b and c are substituted for the a and b, respectively, of Souilla- 
gouet. This is the first method in which Z is divided into two parts, found separate- 
ly. 

The assumed position is selected so that latitude and meridian angle are each 
to the nearest 20’. The tables are shorter than those of Souillagouet, having 324 
pages, but still bulky for this type solution. The method has fewer steps and 
requires only two book openings, but interpolation is needed in two steps. 

Ogura. In 1920 the New Altitude and Azimuth Tables by Sinkiti Ogura, Japa- 
nese hydrographic engineer, were published in Tokyo. The solution for altitude is 
generally similar to that of Souillagouet, a perpendicular being dropped from the 
zenith, but Ogura introduced secants and cosecants for the first time in this type 
solution. His solution for azimuth is similar to that of Blackburne (art. 2106) and 
Lecky (art. 2126). 

The assumed position is selected so that latitude and meridian angle are each 
to the nearest whole degree. The altitude is determined by means of two tables (A 
and B-C) of a total of 27 pages, and azimuth by means of three additional tables (D, 
E, F) of a total of 29 pages. The altitude can be obtained to an accuracy of 06 
without interpolation. Latitude and declination are limited to 65°. The rules are 
numerous and complicated. 

Both the Ogura and Yonemura (art. 2109) tables are given in the same book, 
the Japanese Hydrographic Office Pub. No. 225. An English edition, with slight 
modifications in the Ogura method, was published in 1924. 

The Ogura tables have been widely copied. 

Smart and Shearme’s Position Line Tables were published in London in 1922, 
based upon a division of the triangle by a perpendicular from the zenith. The 
altitude formulas of Souillagouet were used, but the arrangement of the earlier 
tables was improved. It is somewhat similar to that of Ogura, but with the positions 
of meridian angle and latitude interchanged, providing a better arrangement when 
solutions of several observations are made simultaneously. Solution requires a log 
sine table which is not provided. There is no solution for azimuth. The assumed 
position is selected so that the meridian angle and latitude are each the nearest 
whole degree. No interpolation is needed. 

Newton and Pinto. The Navegacgao Moderna of J. A. Newton and J. C. Pinto 
was published in Lisbon, Portugal, in 1924, providing a solution by dropping a 
perpendicular from the zenith. The method is based upon ideas expressed by 
Newton in 1912 and 1913. The formulas for altitude are almost the same as those of 
Souillagouet. The method of finding azimuth angle resembles somewhat the method 
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of Bertin, but with the use of auxiliary angles. There are only two tables, the first 
occupying 120 pages, and the second two pages. The assumed position is selected so 
that latitude and meridian angle are each to the nearest 30’. No interpolation is 
needed, but the rules are somewhat complicated. 

Weems’ Line of Position Book, published in 1927, combines the Ogura altitude 
tables and the Rust azimuth diagram (art. 2106). 

H.O. Pub. No. 208 (Dreisonstok), Navigation Tables for Mariners and Aviators, 
was published by the U. S. Navy Hydrographic Office in 1928 to provide a solution 
by the method of dropping a perpendicular from the zenith. The method, devised by 
Lieutenant Commander J. Y. Dreisonstok, USN, is similar to Ogura’s. For altitude, 
it uses the Souillagouet formula inverted so as to be in secants and cosecants. For 
azimuth angle the formula is similar to that of Newton and Pinto, except that it 
does not use the parallactic angle at the celestial body. In the first edition the 
latitude was limited to 65°. There were two tables, one of 45 pages and the other of 
18 pages. Later, a 23-page addition to the first table extended the coverage to the 
poles. 

The assumed position is selected so that the latitude and meridian angle are 
each the nearest whole degree. The method requires four book openings, eight table 
entries, and six mathematical steps. Although values are usually obtained by rela- 
tively easy interpolation, altitude accuracy of 0/5 can be obtained without interpo- 
lation. 

As with H.O. Pub. No. 211 (art. 2111), the rules for this method were made on 
the assumption that only bodies above the celestial horizon would be observed. The 
rules may be restated to allow for both positive and negative altitudes, as follows: 

If t is less than 90°, give b same name as latitude. 

If t is greater than 90°, give b opposite name to latitude, and mark Z’ minus. 

If (d+b) is numerically greater than 90°, mark Z” minus. 

If (d+b) is contrary name to latitude, the altitude is negative; use the supple- 
ment of Z”. 

If Z is minus, subtract from 360° and mark plus. 

The value labeled “‘t’’ in the tables is actually LHA. If t, east or west, is used, 
as in modern practice, the printed values greater than 180° can be ignored. The 
rules can be stated in abbreviated form on alternate pages, as follows: 

At the top of each left-hand page of table I: 


t<90°, b same name as L. 
At the top of each right-hand page of table I: 
t>90°, b contrary name to L, Z’ (—). 

At the top of each left-hand page of table II: 

(d+b) >90°, Z” (—). 
At the top of each right-hand page of table II: 

Z(—), use 360° —Z. 
At the bottom of each page of table II (if desired): 


(d+b) contrary name to L, Hc (—): use 180°—Z”. 
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If the D+B value used for finding Z” exceeds 10,000, it is reduced by this 
amount, the remainder being used for entering table II. If desired, this can be 
stated in abbreviated form at the bottom of alternate pages of table II, as follows: 


(C+D)>10,000, use (C+ D)—10,000. 


Like H.O. Pub. No. 211 (art. 2111), H.O. Pub. No. 208 has been largely supersed- 
ed by those tables constituting a list of computed answers. 

Gingrich. The Aerial and Marine Navigation Tables, by Lieutenant John E. 
Gingrich, USN, were published in 1931 to provide another solution by the method 
of dropping a perpendicular from the zenith. The formulas for altitude are similar 
to those of Ogura, and the formulas for azimuth are similar to those of Perrin (art. 
2126). The first two tables, of 31 and seven pages, respectively, are similar to those 
of Ogura. A single third table of 13 pages is given for azimuth. The general 
arrangement is in many respects similar to that of H.O. Pub. No. 208, and as with 
the earlier method, the assumed position is selected so that latitude and meridian 
angle are each to the nearest whole degree. The precision of tabulation of K, an 
auxiliary function, is not consistent. Consequently, if the tables are used without 
interpolation, errors as great as 0/5 can arise in the computed altitude. 

Weems’ New Line of Position Tables are sometimes called the Manuscript 
Tables because they were in manuscript form from 1932 until they were published 
in 1943. They are similar to his earlier tables but arranged with the position of 
latitude and meridian angle values interchanged so that values for several observa- 
tions can be taken from the tables with a single book opening. The latitude values 
are extended from the 65° given in earlier tables to 90°. As in the earlier edition, 
the Rust azimuth diagram (art. 2106) is included, but provision is also made for 
computation of azimuth angle. One part is found in terms of latitude and meridian 
angle, using the formula of H.O. Pub. No. 208, and the other part is found in terms 
of altitude and the perpendicular from the zenith. If the azimuth is required to a 
greater precision that 0°5, interpolation is needed. The assumed position is selected 
so that the latitude and meridian angle are each the nearest whole degree. 

Collins. The L C. S. Altitude and Azimuth Tables for Air and Sea Navigation, 
by Elmer B. Collins, formerly of the U. S. Navy Hydrographic Office, were pub- 
lished by the International Correspondence Schools in 1934. The tables and method 
of solution are generally similar to those of H.O. Pub. No. 208. 

F-Tafel, published by the German Oberkommandos der Kriegsmarine about 
1937, divides the triangle by a perpendicular from the zenith. The formulas of 
Souillagouet are used for altitude. Azimuth is found by the familiar formula 


sin Z=sin t cos d sec h. 


There are four tables. Latitude, declination, and altitude are limited to 70°. The 
assumed position is selected so that latitude and meridian angle are each to the 
nearest whole degree. 

Comrie. In 1938 the Hughes’ Tables for Sea and Air Navigation, by L. J. 
Comrie, former Superintendent, H. M. Nautical Almanac Office, were published in 
London. These tables are similar to those of H.O. Pub. No. 208, but arranged with 
the positions of latitude and meridian angle interchanged as in the Weems’ New 
Line of Position Tables. 

Myerscough and Hamilton. The Rapid Navigation Tables, by W. Myerscough 
and W. Hamilton, were published in London in 1939. A perpendicular is dropped 
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from the zenith to the hour circle of the celestial body. With slight modification, the 
altitude formulas of Souillagouet and the azimuth formula of Gingrich are used. Six 
quantities are tabulated in a single table of 90 pages. Both declination and latitude 
are limited to 70°. In the 1950 edition, the limits of declination and latitude were 
extended to 89°. A revision of the 1950 edition was published in 1965 as Rapid 
Navigation Tables for Mariners, a table of 195 pages. 

Ageton’s Manual of Celestial Navigation, published in 1942, combines the first 
table of Weems’ New Line of Position Tables as table I, and H.O. Pub. No. 211 (art. 
2111) as table II. The basic formulas are restated in terms of secants and cosecants. 
The result is a short, easy solution without interpolation, involving four book 
openings, eight table entries, and four mathematical steps. Since the H.O. Pub. No. 
211 table is included, the book can be used for Ageton’s earlier method. 

Benest and Timberlake. The Astro-Navigation Tables for the Common Tangent 
Method by two British professors, E. E. Benest and E. M. Timberlake, were pub- 
lished in 1945. In three tables of 61, 18, and 12 pages is given a logarithmic solution 
for altitude only, by dropping a perpendicular from the zenith. The formulas are 
slight modifications of those of Ogura. 

The location of the line of position is somewhat similar to the method some- 
times used in longitude method solutions such as H.O. Pubs. Nos. 208 and 204 (art. 
2106). Two assumed positions are selected, usually 1° apart on the same meridian. 
The altitude intercept at each position is determined, and a circle, or arc of a circle, 
is drawn with the assumed position as the center, and the altitude intercept as the 
radius. The line of position is the common tangent to the two circles. Since there 
are four common tangents, the general direction of the body is required. Where 
doubt exists as to which of two or more answers is the correct one, additional 
solutions from other assumed positions may resolve the ambiguity. If the celestial 
body is near the meridian, the two assumed positions are better taken on the same 
parallel of latitude. Even with these precautions, there is danger of selection of the 
wrong line. 

Tavole H (I. I. 3113), published by the Istituto Idrografico della Marina of Italy 
in 1947, combines table I of Ogura and table II of Weems’ New Line of Position 
Tables, including, also, the Rust azimuth diagram (art. 2106). This table is a modifi- 
cation of an earlier Tavole F. 

Cumbelié. In 1969 Captain Petar Cumbelié of Yugoslavia published his single 
volume and compact Nauti¢ke Tablice. This method is based upon a triangle divided 
by dropping a perpendicular from the zenith. The table includes an English expla- 
nation. 

2111. Altitude methods, perpendicular from body.—Figure 2111 is a diagram 
on the plane of the celestial meridian (art. 1432), with the navigational triangle 
shown in heavy lines. A perpendicular from the celestial body, M, to the celestial 
meridian divides the triangle into two right spherical triangles. In figure 2111 the 
length of the perpendicular is designated v and the two parts of the colatitude are 
designated w and x. By means of Napier’s rules (art. 142, vol. II), the following basic 
formulas can be derived: 


sin v=cos d sin t (1) 
cos w=sin d sec v, or sin w=cot t tan v (2) 
sin h=cos v cos x (8) 


sin Z=sin vu sec h, or cos Z=tan x tan h (4) 
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Figure 2111.—Navigational triangle with perpen- 
dicular from celestial body to celestial meridian. 


Since x=90°—(w+L), formula (3) can be written in terms of latitude, and w found 
from equation (2). Thus, both h and Z can be determined by means of t, d, and L 
and auxiliary functions found from them. 

William Thomson (Lord Kelvin) was the first to divide the navigational triangle 
as shown in figure 2111 for sight reduction, but his method (art. 2106) was for 
determination of longitude. Various later methods made such a division for deter- 
mination of altitude. 

Fuss. The Tables to Find Altitudes and Azimuths, devised by V. E. Fuss, an 
astronomer at the Kronstadt (Russia) Naval Observatory, were published in 1901. In 
these tables a perpendicular is dropped from the celestial body, the following 
notation being used (fig. 2111): 


v is designated a 

w is designated 90°—b 

x is designated B—90° 

B=90°—L-++b (if v falls between Z and Q). 


Solution is by the following formulas: 


sin a=cos d sin t 
cot b=cot d cos t 
sin h=cos a sin B 
cot Z=cot a cos B. 


The assumed latitude is selected to provide the nearest 15’ value of B. The 
assumed longitude is selected so that t will be the nearest whole 1™ (0°25). The 
tables are entered twice, first with t and d to find a and b, interpolating for d, and 
then with B and a to find h and Z, interpolating for a. The method involves two 
book openings, eight table entries, four interpolations, and ten mathematical steps. 
There are 144 pages of tables. 

Aquino. The Altitude and Azimuth Tables of Radler de Aquino, a Brazilian 
naval officer, were first published in 1909. These were followed the next year by his 
Sea and Air Navigation Tables. Several later editions of both publications appeared 
with some modification, principally of the auxiliary material given. Aquino dropped 
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a perpendicular from the celestial body to the celestial meridian, and used the same 
formulas as Fuss and generally the same arrangement, except that longitude is 
assumed so as to provide a meridian angle to the nearest whole degree. 

H.O. Pub. No. 209 (Pierce), Position Tables for Aerial and Surface Navigation, 
was published by the U. S. Navy Hydrographic Office in 1930. These tables were 
devised by Commander M. R. Pierce, USN, in 1925, when he was navigator of the 
dirigible USS Los Angeles. The method is based upon a triangle divided by a 
perpendicular from the celestial body. It is generally similar to those designed by 
Fuss and Aquino, but the arrangement is somewhat different, requiring 206 pages 
of tables. This method was never widely used, and is now out of print. 

H.O. Pub. No. 211 (Ageton), Dead Reckoning Altitude and Azimuth Tabie, was 
published by the U. S. Navy Hydrographic Office in 1931. This method, designed by 
Lieutenant Arthur A. Ageton, USN, while a student of the Post Graduate School, 
then at Annapolis, Maryland, is based upon a triangle divided by dropping a 
perpendicular from the celestial body. It is generally similar to those of Fuss and 
Aquino. However, Ageton modified the formulas so as to include only secants and 
cosecants. In terms of figure 2111, his notation is as follows: 


uv is designated R 
w is designated 90°—K 
x is designated K~L 
K=x+L. 
Ageton’s formulas are 
csc R= csc t sec d 


esc d 


csc, K= 
sec R 


csc h= sec R sec (K~L) 


esc R 


csc Z= ' 
sec h 


A single table of 36 pages gives five-place log cosecants (labeled A) and log 
secants (labeled B), both multiplied by 100,000 to eliminate the decimal. These 
values are given in parallel columns for each 0/5 of angle from 0° to 180°. The table 
is well arranged and indexed for quick reference. The rules are relatively simple 
and well presented. The method can be used for solution from the dead reckoning 
or any other assumed position. The method is intended for use without interpola- 
tion. These features combined to make this a popular method, although solution is 
somewhat tedious, and large errors may be encountered if t is near 90°. The method 
has been largely superseded by those tables constituting a list of computed answers. 
However, the method is now published as table 35. 

If a celestial body near the visible horizon is observed, it may be below the 
celestial horizon (zenith distance greater than 90°), because of refraction and dip. 
Under these conditions the computed altitude, Hc, is negative (art. 2023). In the 
solution by H.O. Pub. No. 211, He is negative if K is of the same name as L and 
greater than (90°+L), or if K is of contrary name to L and greater than (90°—L). 
Under the second of these conditions, Z is less than 90° and should be taken from 
the top of the table if K is greater than (180°—L). | 
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Fontoura da Costa and Penteado’s Tabuas de Altura e Azimute were published 
in Lisboa, Portugal, in 1936. These consist of 26 pages of log secant and log cosecant 
tables similar to those of H.O. Pub. No. 211. The method and formulas are slight 
modifications of those of H.O. Pub. No. 211 (table 35). 

Tillman. The Altitude Tables for Mariners and Aviators, by E. Tillman, were 
published in 1936 in Sweden. Solution is by three tables using the basic formulas 
given above. 

USSR tables. About 1940 the USSR replaced the Fuss tables with a method 
that is similar but uses a much shorter table. However, the solution is about the 
same length as with the Fuss tables, requiring six book openings, nine table entries, 
and five mathematical steps. Visual interpolation is used. 

Japanese H.O. Pub. No. 602, Brief Celestial Navigation Table, was: published in 
1942. A perpendicular is dropped from the celestial body, as in figure 2111. Side w is 
designated K, and the following formulas are derived from the basic formulas given 
above: 


log tan K=log cot d+log cos t 
log cot Z=log cot t+log csc K+log cos (K+L) 
log cot h=log cot (K+L)+log sec Z. 


These formulas result in a simple solution, at the expense of some duplication in 
the three tables of 49 pages. 

Hickerson. In 1944 Thomas F. Hickerson, professor of applied mathematics at 
the University of North Carolina, published a small volume called Navigational 
Handbook with Tables, in which the tables of H.O. Pub. No. 211 are given with the 
interval between entries reduced to 0/2. All values are given on 45 pages, by 
tabulating values only to 45° and interchanging the A and B values for angles 
between 45° and 90°. In 1947 a second edition was published under the title 
Latitude, Longitude and Azimuth by the Sun or Stars. 

2112. Altitude methods without use of navigational triangle.—The navigational 
triangle is composed of arcs of three great circles: the celestial meridian of the 
observer, the hour circle of the celestial body, and the vertical circle of the celestial 
body. Arcs of other great circles might also be used in forming spherical triangles 
that can be solved to find altitude and azimuth. 

Kotlari¢. In 1954 Stjepo M. Kotlaric, scientific co-worker, Hydrographic Insti- 
tute of the Yugoslav Navy, proposed a method and in 1958 published Tables K1 
based upon the solution of three right spherical triangles composed of arcs of great 
circles, as follows: 


triangle 1—celestial horizon, hour circle, and celestial equator; 
triangle 2—celestial horizon, hour circle, and celestial meridian (lower 


branch); : . 
triangle 3—celestial horizon, hour circle, and vertical circle. 


The formulas are derived from Napier’s rules (F, M, and C are auxiliary parts): 


cos C=cos L sin t 
tan M=cot L cos t 
tan (Z+F)=-— sin L tan t 
tan F=cos C tan (M+d) 
sin Hc=sin C sin (M+d) 
Z=(Z+F)—F. 
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Hc and Z are solved from tables I and II, tables III and IV being the multiplica- 
tion tables for obtaining the Hc corrections. The four tables total 190 pages. Table 
III is not used if the assumed position is selected so that latitude and meridian 
angle are the nearest whole or half degree. The pages could be reduced considerably 
if values for half degrees were not tabulated. With an assumed position selected as 
indicated above, the method requires only four table entries and three mathemati- 
cal steps. All signs are printed in the heading of the tables. The computation is 
simple. Tables KI were reprinted in 1963 and 1971. The tables include a comprehen- 
sive English explanation. 

2113. Modern inspection tables may contain lists of altitude or azimuth, or 
both. Another type tabulates the information needed for finding longitudes. Values 
are taken directly from the tables, without the need for logarithms, auxiliary 
functions, or mathematical solutions (except interpolation). Inspection tables are 
not new, the horary tables of Cassini in 1770, Lalande in 1793, Lynn in 1827, and 
Hommey in 1863 (art. 2106) being of this type. Other inspection tables include 
Davis’ Chronometer Tables, Blackburne, H.O. Pubs. Nos. 203 and 204, Ball, Davis’ 
Alt-Azimuth Tables, and H.O. Pub. No. 201 (arts. 2106 and 2109). None of these 
tables is used to any extent today, largely because interpolation is difficult, and 
coverage is limited. A short logarithmic solution with wide coverage has often 
proved more popular. 

In contrast, the modern inspection table, made practicable by recent develop- 
ments in computation techniques, has largely replaced the trigonometric solution. 
The principal modern inspection tables are: 

Pub. No. 214, Tables of Computed Altitude and Azimuth, were published by the 
U. S. Navy Hydrographic Office between 1936 and 1946, in nine volumes. Between 
1951 and 1953 the British Admiralty published identical tables (H.D. 486) in six 
volumes, with altered explanation to suit British practice. The first volume of an 
identical Spanish edition was published in Spain in 1953, and the second volume in 
1956. Several volumes of an Italian edition based on Pub. No. 214 have also been 
published. Pub. No. 214 was superseded by Pub. No. 229, Sight Reduction Tables for 
Marine Navigation. Both tables are described in detail in chapter XX. 

British Air Pub. 1618 (H.O. Pub. No. 218), Astronomical Navigation Tables, 
were published by the British Admiralty between 1938 and 1944 in 15 volumes (lat. 
0°-79°). In 1941 the first 14 volumes (lat. 0°-69°) were republished by the U. S. Navy 
Hydrographic Office as H.O. Pub. No. 218. The tables are intended primarily for 
aviators. 

These tables are similar to Pub. No. 249, but with several major differences. In 
A.P. 1618 values are given to the nearest whole minute for altitude, and the nearest 
whole degree for azimuth. The altitude values include allowance for refraction at a 
height of 5,000 feet. The minimum altitude in most cases is 10°. Provision is made 
for interpolation for declination only, and this always from the next smaller whole 
degree, instead of from the nearest whole degree. Declination is given for each 
whole degree from 0° to 28° only. In addition, values of altitude and azimuth angle 
are given for the declination (in 1940) of 22 stars. This part of the table is entered 
with the star name (or an arbitrarily-assigned number), so the declination of the 
body need not be known. An auxiliary table provides a correction for changes in 
declination during the years following 1940 (to the year 2000). 

During World War II these tables were widely used by aviators. Some marine- 
navigators also used them. Publication of these tables has been discontinued. 
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Japanese H.O. Pub. No. 351, Celestial Navigation Observation Table, was pub- 

lished in 1940-42, in seven volumes for latitudes 0°-70°. The original printing was 
classified “secret.” The tables are similar to British Air Pub. 1618, with several 
differences. In H.O. Pub. No. 218 all star-name entry tables are given first, followed 
by all declination entry tables. In Pub. No. 351 the declination entry table for each 
degree of latitude is followed by the star-name entry table. Altitudes, including 
refraction at 4,000 meters (13,123 feet), are tabulated to a minimum value Obeae, 
Declination is extended to 29°. The latitude-declination contrary-name entries are 
inverted so that meridian angles increase upward on the page as in Pub. No. 260, 
resulting in better utilization of space on the pages having both “same name” and 
“contrary name” entries. Twenty stars are used, the selection differing somewhat 
from that of H.O. Pub. No. 218. In H.O. Pub. No. 218 the stars are listed and 
numbered alphabetically. In Pub. No. 351 they are given in order of declination, 
from Dubhe, listed as 62°03’N, to Sirius, listed as 16°38’S. 

Hoehne. In October 1941 George G. Hoehne, then a navigation instructor at the 
Pan American Airways Navigation School, Miami, Florida, submitted a set of Star 
Air Navigation Tables to the U. S. Navy Hydrographic Office which were superior 
to the star section of H.O. Pub. No. 218 in basic design. His manuscripts included 
the tabulation of the altitudes and true azimuths of carefully selected bright stars 
arranged in a format such that this data could be rapidly extracted for at least ten 
stars from two facing pages with but one opening of the tables. The use of LHA ‘Y 
instead of the LHA of each star as a table argument simplified the sight reduction 
by: (1) eliminating the need to apply the SHA of a star to the GHA to obtain the 
LHA of a star; (2) enabling the optimum arrangement for rapid extraction of 
tabular values of altitude and true azimuth; and (3) providing for the selection of 
the best stars for observation for a given LHA at an assumed position. The use of 
LHA °° as a table argument with the data arranged in parallel columns so that the 
stars would be tabulated, from left to right, in increasing numerical order of true 
azimuth served to make the tables a star finder. The same basic format was later 
used with 360° of LHA Y per table opening for volume I of Pub. No. 249, Sight 
Reduction Tables for Air Navigation. 

In early 1942, Hoehne was originally granted permission to use, in part, tabular 
values of altitude, azimuth angle, and pertinent data contained in the star section 
of H.O. Pub. No. 218 and ingeniously constructed his preliminary volume I of 
Celestial Navigation Tables. Its success led to his publication of volume II of 
Practical Celestial Air Navigation Tables in 1943. For the period 1942-1990, two 
simple correction tables prevent the tabulated altitudes from becoming inaccurate 
because of precession of the equinoxes (art. 1419). Refraction at altitude 5,000 feet is 
included as in H.O. Pub. No. 218. 

Figures 2113a and 2113b illustrate facing pages on which data for at least 10 
stars are tabulated for a 60° range of LHA  (T). 

The tabulated altitudes are corrected for annual change in declination using 
Table I on the inside of the front cover (fig. 21138c). This correction must be added or 
subtracted according to the sign prefixed to (t). The year at the bottom of each star 
column is the year before which this correction cannot exceed I’. 

GHA Y° as obtained from the almanac is adjusted for the annual change in 
right ascension using Table VII at the back of the book (fig. 2113d). The correction 
obtained from this table can be readily combined with the increment to be added to 
the tabular GHA extracted from the almanac. 
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ANTARES | ALPHERATZ FOMALHAUT 
CAPELLA _|_ __ | ALDEBARA 


Alt. Alt. Alt. Alt. 


° , 


37 31+ 
38 21 
3911 
40 01 
231| 40 52 
231)41 42+ 
232/42 33 
233|43 24 
233/44 14 
234) 45 05 


234145 56+ 
235| 46 47 
235| 47 38 
48.29 
49 20 


Os af 


13 38— 
1259 
12 20 
1141 
1101 


10 21- 
941 
900 
819 
738 


6 56— 
6 14 
5 32- 


17 28+15 
1759 15 
1831 15 
1902 15 
1932 16 


AMAL AAanan anannunns 


CAPELLA 


COMMA ININYVAADADIAnNNS | FPeawwe™s 


5001- 9 
5028 10 
5055 10 
9122 11 
5148 11 


52 14-11 
5240 12 
5305 12 
53 30 12 
5354 13 


54 18-13 
5442 13 
5505 14 
5527 14 
5549 14 


56 11-15 
5631 15 
5652 15 
5712 16 
5731 16 


57 49-16 
5807 17 
58 24 17 
5840 17 
5856 17 


59 11-18 
5925 18 
5938 18 
5950 18 
6002 19 


60 13-19 29 43+19 
60 22 19 2936 19 
6032 19 2929 19 
6040 19 2920 19 
6047 20 2911 19 


60 53-20 
6058 20 
6103 20 
6106 20 
61 09-20 


2837 19 


28 49+19 
ALDEBARAN |2900 19 

Eo 2911 19 
2920 19 
2929 19 


29 36119 
2943 19 
2949 19 
2954 19 
2958 19 


30 03+19 
3001 19 
2958 19 
2954 19 
2949 19 


CWWWw] WWWWW!WWwWwWwWwWw!/wWHwwPe|!| PRES HILAR AHE EL EERAN/ NHHNUKAUH|ANNAAH|ARDAAAADS 


From Practical Celestial Air Navigation Tables, Volume II. Copyright 1942, 1943, 1 igati i 
George G. Hoehne, Author. Used by permission. Hatha] Se idiiaikcacaarih inn cl eee ae aul, 20d OF 


FicurE 2113a.—Left-hand page of opéning of Practical Celestial Air Navigation Tables. 
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30°N 0°N 


ALTAIR | RASALAGUE VEGA _|_ETAMIN DENEB 
T I | | T 
Alt. Az | Alt. Az Alt. Az Alt. Az Alt. Z 
one OE Gls et NBO Oo are ee bein 
301 68 23+ 9 191/5049— 1 252 |6956-— 1 302/5803 0 321|73 21-11 23/301 
302 16812 9 1983/5000 1 2536911 1 301/5731 0 321/73 41 12 201302 
303 16759 9 196|4910 1 253 |6827 1 300|5658 0 320 |7358 12 18/303 
30416744 9 199/4820 1 2541/6742 1 300/5625 0 320/7413 12 16 |/304 
305 || 67 26 9 201/4730 1 255 6656 1 299|5551 0 319 {74 26 12 13 ||/305 
306 |67 07+ 9 203/4640— 1 256 |6611— 1 299|5517 0 319 |7437-13 11 [306 
307 16645 9 206/4549 1 256/6525 1 298/5443 0 318|7445 13 81/307 
308 16621 9 2208/4459 1 257|/6439 1 298|5408 0 318/7451 13 5/308 
309 16356 9 210/4408 1 258/6353 1 298|5333 0 318|7455 13 31/309 
ats 22 8 212 [43 17 1 2586307 1 297|5258 0 317|7456 13 0 310 
311/65 01+ 8 214/42 26- 1 259 |6221— 1 297|5223 0 317 |7455-13 357 | 311 
312 16430 8 216/4135 1 26016135 0 297/5151 0 317|7451 13 355 ||312 
313 16339 8 218\4044 1 2600/6048 0 297|/5111 0 316/7445 13 352 |) 313 
31416326 8 22013953 1 261|6002 0 296|/5036 0 316|7437 13 349|/314 
315 || 62 528 222/3901 1 262 5915 0 296|4959 0 316 [74 26 12 ae 
316 162 16+ 8 224/3810— 1 262|5829 0 296/4923 0 315 |7413-12 344 ||316 
317 16140 7 225/3718 1 26315742 0 296|4847 0 315|7358 12 342 |/317 
318 6102 7 2271/3627 1 2063/5655 0 296|/4810 0 315/73 41 12 340|/318 
319 |6024 7 22913535 1 2641/5609 0 296/4734 0 315/73 21 11 337]/319 
320 5945 7230/3444 1 2614/5522 0 296 4657 0 315/7301 11 335 || 320 
321 | 5904+ 7 231/3352— 1 265 |5435 0 296/4620 0 315 |72.38-11 333 || 321 
322 15823 7 233/3300 1 266 (5348 0 296|4543 0 315 |7214 10 331 ||322 
323 15742 7 234/3208 1 266 |5302 0 296/4506 0 314/7148 10 329/323 
321115659 7 235/3117 1 267|5215 0 296/4429 0 314/7121 10 328/324 
325 | 56 16 7237/3025 1 267 |5128 0 296 |43 52 0 31417053 9 326]/325 
326 155 32+ 6 238/2933- 1 268 [5041 0 296/4315 0 314|7023- 9 325 || 326 
327 15448 6 239/2841 1 26814954 0 296|4237 0 31416952 9 323 ||327 
398 115403 6 21012749 1 26914908 0 296/4200 0 3141/6921 8 322 |/328 
329 15318 6 241/2657 1 26914821 0 2906/4123 0 314/6848 8 321 | 329 
330 15232 6 212\2605 1 270\/4734 0 296/4046 0 314/6815 8 319/330 
331 151 46+ 6 213)2513- 1 270|4648 0 296|4008 0 314 |67 40— 7 318 ||331 
332 15100 6 244\2422 1 271/4601 0 296|3931 0 314/6705 7 317 332 
333 15013 6 245/2330 1 27114515 0 296|3854 0 3146630 7 316 333, 
33414925 6 2416/2238 1 272|4428 0 296/3816 0 314|6554 7 315 334 
335 4838 6 2417/2146. 1 272|4342 0 297|3739 0 314|6517 6 314 335 
+—— +— + —— 
336 147 50+ 6 248)2054— 1 273|4255 0 297)/3702 0 314 |6439- 6 314 336 
337 |4701 6 249/2002 1 273|4209 0 297/3624 0 314 (6402 6 313 337 
338 14613 5 250\1911 1 274 4122+ 1 297 |3547 0 31416323 5 312 338 
339 4524 5 250/1819 1 2744036 1 297)3510 0 314 6245 5 312 339 
310 4435 5 251|1727 1 275|3950 1 297/3433 0 314 |6206 5 311 340 
341 143 46+ 5 252/1636— 1 275 |3904+ 1 298 |3356 0 314 |6126~ 5 310 341 
3412 14256 5 253/1344 1 276/3818 1 298|3319 0 315 6047 4 310 || 342 
343 14207 5 253/1453 1 276/3732 1 298 |3242 0 315 (6007 4 309 343 
3444117 5 254/1401 1 277/3646 1 298)3205 0 315)5927 4 309 || 344 
315 4027 5 255/1310 1 277|3600 1 298 |3128 0 315 [5846 4 309 345 
346 139374 5 255|/1219- 1 277 3515+ 1 2983052 0 315 58 05— 3 308 ||346 
347 13846 5 256/1127 1 278|3429 1 299/3015 0 3155725 3 308 ||347 
348 137356 5 257/1036 1 278 /3344 1 299/2938 0 315 [56 43 3 308 ||348 
3419 13705 5 257| 945 1 279 /3258 1 299)/2902 0 315 5602 3 307 ||349 
350 13614 5 258] 854 1 279 /3213 1 299|2826 0 316 5521 3 3071350 
351 135 23+ 5 259) 804— 1 280 B128- 1 3002749 0 316 5439-2 307/351 
352 3432 5 259| 713 1 2803043 1 300/2713 0 316 5358 2 307 ||352 
353 133 41 5 260| 623-1 281 |2958 1 300 /2637 0 316 5316 2 306 ||353 
35413250 5 261 913 1 300|2601 0 316 [5234 2 306 1/354 
355 13159 5 2061 2828 1 Pe 26 0 317|5152 2 306/355 
356 131 08+ 5 202 2743+ 1 301 |2450 0 317 |5110- 1 306 ||356 
357 13016 5 202 659 1 301 |2415 0 317 5028 1 306357 
358 ||2925 5 263 26 14. | 301 |2339 0 3174946 1 306 |/358 
359 12833 5 263 530 1 302 |2304 0 3174904 1 306/359 
360 ||27 42+ 5 264 2446+ 1 302 |2229 0 318 4821- 1 306 ||/360 


From Practical Celestial Air Navigation Tables, Volume II. Copyright 1942, 1943, 1969 & 1870, by Navigation Publishing Co., and by 
George G. Hoehne, Author. Used by permission. 


Figure 2113b.—Right-hand page of opening of Practical Celestial Air Navigation Tables. 
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gation Tables, Volume II. Copyright 1942, 1948, 1969 & 1970, by Navigation Publishing Co., and by 


From Practical Celestial Air Navi 
George G. Hoehne, Author. Used by permission. 


Figure 2113c.—Correction to tabulated altitude due to annual change in declination of stars. 
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TABLE VII. 


CORRECTION TO GHA ARIES DUE TO ANNUAL CHANGE IN RIGHT ASCENSION OF STARS 


| 16. POLLUX 7 SIRIUS 


1. ALDEBARAN | 6. ARCTURUS 11. DENEB 

2. ALPHERATZ | 7. BETELGEUX | 12. DENEBOLA 17. PROCYON 22. SPICA || Name 
3. ALPHECCA 8. CAPELLA 13. DUBHE 18. RASALAGUE |23. VEGA of 
4. ALTAIR 9. CAPH 14. ETAMIN 19. REGULUS | Star 
5. ANTARES 0. CANOPUS 15. FOMALHAUT}| 20. RIGEL 

12 3 4 5| 6 7-8 9 10| 11 12 13 14 15] 16 17 18 19 20| 21 22 23] No. 

Year 

—09+39—04+01+32] —15—01—06+29+ 20 | +08+ 28—03+114+23 +33-04-04-19+04] +21+28+15] 1942 
10 38 04 00 31] 16 O1 07 28 20] 08 28 03 11 22) 33 05 04 20 03] 21 27 15/1943 
11 38 05-01 30] 17 02 08 27 19] 07 27 04 10 22) 32 06 05 21 02| 20 26 1411944 


ll 37 05 Ol 30} 17 03 09 27 19| O07 26 05 10 21 19 26 14 


31 06 06 22 02 
—12+36—06-02+29| —18—04—10+26+19 | +06+25—06+10+20 -a0-o7- 6-21] #1892501 
13 35 07 03 28] 19 05 12 25 18] 06 25 07 09 19) 29 08 07 23 00) 18 24 13 
14 35 07 04 27| 19 05 13 24 18| 05 24 08 09 18) 28 09 08 24-01 iy Be 
15 34 08 04 26] 20 06 14 23 18) 05 23 09 09 17) 27 10 08 25 ONG elmo 2 
16 33 09 05 25} 21 07 15 23 17, 04 22 10 08 17! 26 10 09 26 02) 16 22 11 


~17+32-09-06+24| —21—08-16+224+17| +04+22—11+08+16 +25-11-10-26-03] +15+21+11 
17 31 10 07 23) 22 09 17 21 17] 03 21 12 08 15) 24 12 11 27 03 
18 31 10 07 22| 23 09 18 20 16] 03 20 13 07 14) 23 13 11 28 04 
19 30 11 08 21} 23 10 19 19 16] 02 19 14 07 13] 22 14 12 29 05 
20 29 12 09 20| 24 11 20 19 16| 02 19 15 07 12| 22 14 13 30 06| 


~~ 
~21+28-12-10+19| —25—12—22+18+15 | +01+18—15+06+ 12 +21—15—-13—-30-06| +12+17+08 


96,23 417 1533 
27 22.27 IS A2 
28 21 18 16 11 


—29+20—19-17+10 
30 20 19 18 09 
31 19 20 18 08 
32 18 21 19 07 
33 18 21 20 07 


30 18 29 12 13 
30 18 30 11 13 
31 19 32 11 12 


02 12 22 04 06 
03 12 23 03 05 


14 20 19 36 11 
13) 212003712 


22 28 13 10 19| 25 13 23 17 15! O1 17 1€ 06 11} 20 16 14 31 07] 11 16 08 
22 27 14 11 18| 26 13 24 16 15| 00 16 17 06 10 19) 1779155 32) 08) WY 15507 
93 26 14 12 17] 27 14 25 15 14] 00 15 18 05 09 18 17 15 33 08} 10 15 07 
24 25 15 12 16| 28 15 26 15 14|—01 15 19 05 08 17 18 16 34 09} 09 14 06 
—25+25-15—13+15] —28-16—-27+14+14 —01+14-20+05+08| +16-19-17—34—10} +09+13+06 
26 24 16 14 14| 29 17 28 13 13] 02 13 21 04 07/ 15 20 18 35 11; 08 12 05 


07 11 04 
06 10 04 


32 21 34 09 12 
33 22535 08 II 
34 22 36 07 11 


04 11 24 03 04) 1222 20 eoSiels, 


3920-334 10412 | -04+10—25+03+03 aoe o Ome LS 
05 09 26 02 03 
05 09 27 02 02 
06 08 27 02+01 
34023 3007 | 06 07 28 01 00 


24522039" 214 
10 24 22 40 15 
09 25 22 41 16 
08 26 23 42 16 


+05+09+03 
05 08 03 
04 07 02 
03 07 02 
03 06 O1 


—34+17—22—21+06 
34 16 22 21 05 
Shuts 23022 (04 
36 14 24 23 03 

37 14 24 23 02 


—35-24—38+06+ 10 
36 25 39 05 10 
36 26 40 04 10 
37 26 41 03 09 
38 27 43 03 09 


07+06-29+01—01 | +07—-27— 24-42-17 
07 06 30 O1 02 
08 05 31 00 02 
08 04 32 00 03 
09 03 33 00 04 


06 28 24 43 18 
05 28 25 44 19 


+02+05+01 
01 04 00 
01 03 00 


04 29 26 45 19) 00 03-01 
03 30 27 46 20/—01 02 Ol 
—~39-28—44+02+09 | -09+02—34—01—05 +02-31-27-46-21 | —01+01—02 
39 29 45 01 08| 10 02 35 O01 06) Ol 31 28 47 21) 02 00 02 


40 30 46 00 08] 10 01 36 O1 07 00 32 29 48 22) 03 00 03 
00 33 29 49 23) 03— 


—38+13—25—24+01 
39 12 26 25 00 
40 11 26 26-01 
40 11 27 26 02 
41 10 28 27 03 


—42+09-28- 28-04 
43 08 29 29 04| 43 33 50 03 07 
44 07 29 29 05| 43 34 51 04 06 
45 07 30 30 06| 44 35 53 05 06 
45 06 31 31 07| 45 35 54 05 06 


—46+05—31—32—08| —45—36—55— 06+ 05 
47 04 32 32 09| 46 37 56 07 05 
48 04 33 33 10| 47 38 57 08 05 
49 03 33 34 11] 47 39 58 09 04 
—50+02-34—34-12 —48—39-59—09+ 04 


41 31 47-01 08] 11 00 37 02 07 
41 31 4% 01 07] 11-01 38 02 08 —01 34 30 50 24 


—42-32—49—02+07 |—12—-01 = 39-02-09] —02-35-31—-50-24 | —05—03 


12 02 39 03 10| 03 36 31 51 25 05 04 05 
04 36 32 52 26) 06 04 05 
05 37 33 53 26] 07 05 06 


13 03 40 03 11 
06 38 33 54 27 


13 04 41 03 11 

14 04 42 04 12 
—07—-39-34—54—28 
08 39 35 55 29 


14-05—43—-04-13 

15 06 44 05 14 
09 40 36 56 29 
10 41 36 57 30 


—11—42-37—-58-31 


15 07 45 05 15 
16 07 46 05 16 
—16—08—47—06-16 


Correction applied to GHA Aries in accordance with prefixed sign. 


From Practical Celes:ial Air Naviga ion Tables, Volume II. Copyright 1942, 1948, 1969 & 1970, by Navigation Publishing Co., and by 
George G. Hoehne, Author. Used by permission. 


Figure 2113d.—Correction to GHA °° due to annual change in right ascension of stars. 
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Example.—During morning twilight on June 1, 1975, the 0430 DR position of a 
ship is lat. 30°10'N, long. 45°02’W. At GMT 4»32™30s the navigator observes Fomal- 
haut with a marine sextant having no IC, from a height of eye of 38 feet. The hs is 
24°58’. : 

Required.—The a, Zn, and AP, using volume II of Practical Celestial Air Navi- 
gation Tables and the Air Almanac. 


Solution.— 
June 1 Fomalhaut + + — 
GMT _7532™305 June 1 IC — — 
730™ 1°40’ D 6’ 
2™305 0°38’ sum — 6’ 
GHA Y 362°18’ corr. (—) 6’ 
1975 corr. (—) 04’ hs 24°58’ 
adj. GHA f° 362° 14’ Ho 24°52’ 


and 45°14’ W 
LEAS 317°00’ 
aL 30°00’N 
ht 24-A9 Gt GE) 
1975 corr. (+)! 10’ 


He 24°59’ 
Ho 24°52’ 

a TA aL 30°00'N 
Zn 154° ad 45°14"W 


Since refraction at 5,000 feet is included in the tabulated altitudes, the sextant 
altitude is not corrected for refraction. An auxiliary table provides an additional 
refraction correction to be applied to low-altitude observations. For marine observa- 
tions there is no correction for altitudes above 15°; the correction is (—)1’ for 
altitudes 6° to 10° and (—)2’ for altitude 4°. The correction is applied to the sextant 
altitude. 

Japanese H.O. Pub. No. 603, Simplified Celestial Observation Table, was pub- 
lished in 1943. This publication is virtually the same as Pub. No. 351, except that 
eight additional stars are given, all farther south than those of Pub. No. 351. This 
extends the list to a Crucis (Acrux), given as declination 62°48’S. 

Altitude and Azimuth Almanac was published by the Japanese Hydrographic 
Office, beginning in 1944. Originally, this was a secret publication. Several different 
versions were printed, and there were some modifications after the first editions. In 
each, however, the functions of almanac and sight reduction tables were combined. 
For each of several specific locations, the altitude and azimuth of one or more 
celestial bodies are tabulated for the date and time, usually at ten-minute intervals. 
In the earlier editions, the locations selected were important points in the western 
Pacific. From this practice, these publications are sometimes called “destination 
tables.” Later editions used positions differing in latitude by 5°. These tables provid- 
ed a quick solution for observations made at the tabulated times. On a worldwide 
basis such a system would involve a very voluminous tabulation each year, or 
cumbersome corrections. The Altitude and Azimuth Almanac is no longer pub- 
lished. 

Hohentafeln nach Sternzeit, an official German table, was published in 1944 as 
an experimental edition with a very limited range of latitude. The tables were 
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ee to those of Hoehne, but with six stars listed for each minute of local sidereal 
ime. 

Ménéclier and Chevalier. The Calculo del Punto of Victor Ménéclier and Rober- 
to Chevalier was published in 1945-49 by Aeronautica Argentina. There are six 
volumes for latitudes 0° to 59° south. At intervals of 4™LST (or 1° LHAY) the 
altitude, correction factor, and azimuth (not azimuth angle) of selected stars are 
tabulated. Twelve columns are provided, but a number of blank areas appear, 
resulting in an average of about nine altitude-azimuth entries for each time entry. 
In most cases altitudes are carried to a minimum value of 5°, and azimuth to the 
horizon. These tables are similar to those of Hoehne and volume I of Pub. No. 249. 

H.O. Pub. No. 230 (Goetz), High Latitude Celestial Navigation Tables, designed 
in 1945 by Roy F. Goetz, was published by the U. S. Navy Hydrographic Office in 
1946. 

The first section, called “Star Tables,” is entered with the latitude to the 
nearest 1° from 70°N to 89°N, the name of the star (for ten selected stars), and 
LHAY at intervals of 2° for latitude 70° to 79°, 5° for 80° to 84°, and 10° for 85° to 
89°. Altitude is tabulated to the nearest 1’ and azimuth (not azimuth angle) to the 
nearest 0°1. A “AH” value is given for use with an auxiliary table to interpolate for 
precession of the equinoxes (art. 1419). 

In the second section, called ‘Declination Tables,” declination is substituted for 
the name of the star. A separate table is given for each 1° declination from 0° to 
28°. For each degree a “same name” section is given first, followed by a “contrary 
name” section (to declination 19°). The minimum altitude is 1°. The declination 
tables give “d” in place of “AH” for use with an auxiliary table to interpolate for 
declination. 

Only 400 of these tables were published. They were intended only for use in 
military aircraft operating beyond the latitude range of H.O. Pub. No. 218. After 
Pub. No. 249 became available, H.O. Pub. No. 280 was canceled. 

Pub. No. 249, Sight Reduction Tables for Air Navigation, in three volumes, are 
published by the Defense Mapping Agency Hydrographic/Topographic Center. A 
preliminary edition of volume I for selected stars was published in 1947 under the 
title Star Tables for Air Navigation, using the principles and features of tables 
proposed previously by George G. Hoehne, Commander C. H. Hutchings, USN, and 
others. The altitudes of this edition were adjusted for refraction at a height of 
10,000 feet. By the time the “first” edition was printed in 1951, for epoch 1955.0, 
more than 20,000 copies of the preliminary edition had been distributed. The 1951 
edition dropped the refraction adjustment feature from the altitudes, and had an 
improved selection of stars. It was followed in 1952 with two volumes for declination 
entry at 1° intervals from 0° to 29°. In 1952 and 1953 a British edition was 
published with identical tables (A. P. 3270) but altered explanation. The tables have 
been accepted as standard by the air forces of Great Britain, Canada, Australia, 
New Zealand, and the United States. 

Pub. No. 249 is described in detail in Chapter XX. 

Experimental Air Navigation Tables. During the early part of World War II the 
British Royal Air Force felt the need for an inspection table that would be faster 
than Air Pub. 1618 (H.O. Pub. No. 218), but free from the limitations of the 
astrograph (art. 2123). Wing Commander R. C. Alabaster suggested the addition of 
SHA to the hour angle (measured eastward) of the stars given in Air Pub. 1618, 
converted to time at the sidereal rate of 15°02/5 per hour. This would give the time 
interval until the next meridian transit of the vernal equinox. Before observation, 
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the time of passage of the vernal equinox across a convenient meridian would be 
marked on the chart or plotting sheet. After observation, the tables would be 
entered with assumed latitude and the nearest tabulated altitude. The (GSHA+HA) 
corresponding to this altitude would be added to GMT at the time of observation. 
The result should be close to the time marked on the chart. The difference would be 
converted to arc units (or a time scale would be marked on the chart or plotting 
sheet) and the corresponding longitude determined. This point would serve as the 
assumed position. The difference between the observed altitude and that used for 
entering the table would be the altitude difference to be used with the azimuth for 
plotting the line of position. 

Squadron Leaders A. Potter and A. J. Hagger suggested a method of printing a 
time scale on the chart or plotting sheet with an auxiliary table to assist in locating 
the assumed position. 

Various modifications and conventions were later added to avoid negative 
values and other complications. As the method finally emerged, a quantity known 
as “scale time” was adopted. This value, designated 71 would be equal to 26 hours 
plus the GMT of the next transit of the vernal equinox occurring after 0600 during 
the night of the flight. The GMT of observation would be designated t. The quantity 
T—t would be the value tabulated. 

Further attempts were made to simplify the conversion of mean to sidereal 
time so that the single setting might be used during an entire flight. One of these, 
called the “‘Astro-Scales,” was suggested by Wing Commander E. W. Anderson in 
1945. In 1953 he and D. H. Sadler suggested an improved version. 

Although a considerable amount of thought was given to this method, and 
experimental tables were published for a limited band of latitude, the limitations of 
a longitude method and the inconvenience of converting mean time to sidereal time 
resulted in the method being discarded in favor of the less restrictive Pub No. 249 
method. 

Ashton. In 1943 Philip Ashton proposed a set of tables called Astrograph-time 
Star Tables for Air Navigation, based upon the principle of the Experimental Air 
Navigation Tables. A permanent table would be entered with the name of the star, 
latitude, and “astrograph mean time” (art. 2123), and altitude and azimuth would 
be taken from the table. A set of tables issued each year would list the values to be 
used with GMT each night to determine the astrograph mean time. Before take-off, 
the chart or plotting sheet would be marked to agree with the astrograph mean 
time, and a metal tape would then be used to convert mean time to sidereal time 
for finding the assumed position. 

Heard. About 1950 John F. Heard, associate professor of astronomy at the 
University of Toronto, prepared a modification of the Experimental Air Navigation 
Tables. The tabulation would be altered so that altitude would be given in the left- 
hand column at intervals of 20’. A delta (“diff.”) value would be tabulated and this 
used with the difference between entering and observed altitudes to enter an 
auxiliary table to determine a correction to be applied to T—t so that the altitude 
difference need not be plotted. A correction for 60 minus seconds of 7 would also be 
applied. The “‘bearing”’ of the line of position (azimuth plus or minus 90°) would also 
be tabulated. The line of position would be plotted through the assumed position, in 
the direction indicated by the “bearing.” For any given time three stars differing in 
azimuth by approximately 120° would be given. The part of the table to use would - 
be determined by a rough computation of T—t. 
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Kotlari¢. In 1976 Dr. Stjepo M. Kotlari¢, (art. 2112 and 2116), then Assistant 
Director, Hydrographic Institute of the Yugoslav Navy, conceived and designed a 
set of inspection tables generally similar to Pub. No. 214 in format but differing 
considerably from the latter tables in the manner of tabulation. 

Tables K21, Computed Results of Altitudes and Azimuths for all Latitudes and 
all Celestial Bodies, are in three volumes, each covering a 30° band of latitude. The 
table arguments are latitude, meridian angle, and declination. The respondents are 
tabular altitude, index for altitude correction due to the excess of actual declination 
over the declination argument, and azimuth angle. Unlike Pub. No. 214 but like 
Pub. No. 229, the sign of the altitude correction is tabulated. 

The altitude and azimuth angle data for each degree of latitude are arranged 
on nine successive openings of the volume. Meridian angle is the vertical argument 
and declination is the horizontal argument. As in Pub. No. 214, tabular altitudes 
and corresponding azimuth angles are limited to those of bodies approximately 5° 
and more above the horizon. Data for a body having declination of same name as 
latitude are tabulated on the left-hand page and continued on the right-hand page 
as necessary. Data for a body having declination of contrary name to the latitude 
are tabulated below on the right-hand page beginning with meridian angle 0° and 
continuing until the 5° altitude limitation is reached. 

At each opening declination is tabulated in eight columns at 1° intervals from 
0° to 30°; from 31°30’ to 89° the declinations and intervals are selected to provide 
those declinations required for the reduction of the selected stars. The declination 
in the right-hand column of each page is repeated in the first column of the pages 
of the next opening. This repetition of data is used as an aid to determining 
whether interpolation of azimuth angle for declination increment is required. There 
is no need to turn pages to determine the change in azimuth angle for 1° increase 
in declination. 

The tables are intended for use with an assumed position selected so that 
interpolation for latitude and meridian angle is not required. Entering the tables 
with integral values of latitude, declination, and meridian angle, the respondents 
are found in a form which is a unique feature of Tables K21. The degrees and 
minutes of the tabulated altitude are printed as a two to four digit group without 
spacing between digits if four digits are used. For example: Tabular altitude 32°45’ 
is printed as 3245. Although the digital tabulation is only to the minute for tabular 
altitude and the index for altitude correction, and to the degree for azimuth angle, 
the addition of a decimal point following these values enables their extraction to a 
greater precision than that tabulated. The decimal point following the tabular 
altitude or the index for altitude correction means 0/5; following the tabular 
azimuth angle, the decimal point means 0°5. The table designer added this feature 
to include the maximum amount of data in the smallest space practicable and to 
give the user an option with respect to the precision of the data extracted. When 
using the decimal point option, the extracted values of altitude and index correction 
do not differ from values computed to the nearest 0/1 by more than 0.2; the 
extracted azimuth angle values do not differ from azimuth angles computed to the 
nearest 0°1 by more than 0°2. 

The multiplication table is simple to use. It is entered with the index correction 
as the vertical argument and the declination increment (1’ to 59’ followed by 
decimal parts from 0‘ to 0-9) as the horizontal argument. 

The tables include a comprehensive English explanation. 
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Davies. In 1980 Rear Admiral Thomas D. Davies, USN (Ret.), published Star 
Sight Reduction Tables for 42 Stars: Assumed Altitude Method of Celestial Naviga- 
tion. The tables list for each degree of latitude the LHAY and azimuth of stars when 
their altitudes are integral degrees. The table entering arguments are assumed 
latitude and assumed altitude. A list of about 15 or 20 stars under the altitude 
heading approximating the observed altitude is examined to find the combination of 
LHAY and azimuth approximating the time and azimuth of the star observation. 

The altitude intercept is plotted from an adjusted assumed position: the closest 
integral degree of latitude and the DR longitude offset by the difference between 
the tabulated LHAY and LHAY at the time of the observation. 

The identity of the star observed need not be known. 

The tabulated data are solutions of the conventional celestial triangle in which 
the declination and sidereal hour angle are those of 42 selected stars. Consequently 
the Nautical Almanac is not required. Values of LHA and azimuth have been 
generated by a computer program using nine significant figures and based on the 
equations: ; 

cos t = sin h sec d sec L — tan d tan L 
cos Z = sin d sec L sec h — tan h tan L, 


where t=hour angle, h=altitude (assumed), d=declination, L=latitude, and 
Z=azimuth. The first equation is obviously a rearrangement of the fundamental 
formula of spherical trigonometry: 


sin h = sin L sind + cos L cos d cos t. 


The expression for azimuth is simply derived from that for hour angle, by inter- 
changing h and d, so that the angle being solved for is that between the arcs of h 
and L. For a given value of altitude the computer program solves the two equations 
and establishes the LHA and azimuth of a rising and setting value for each star. 
The totality of stars intersecting that altitude circle is then sorted to tabulate them 
by ascending values of LHA for ease of location. 

In 1982, Admiral Davies expanded the tables described above and published 
Sight Reduction Tables for Sun, Moon and Planets: Assumed Altitude Method of 
Celestial Navigation. 

The method utilizes the observed altitude to simplify the reduction of the sight. 
This is accomplished by generating an assumed altitude by rounding the observed 
altitude to the nearest whole degree. The method provides accurate and simple 
solutions for most latitudes and altitudes. There are more complicated techniques 
required for some limited areas of the tables. These are referred to in the instruc- 
tion section, but are treated in detail only in the table’s appendix. Complications 
have been further minimized by limiting the tables to the most useful altitudes (15° 
to 70°) and latitudes (0° to 60°). 

The tabulated data are solutions of the conventional celestial triangle in which 
the declination is provided for integral degrees covering the navigational bodies in 
or near the plane of the ecliptic. Provision is made for adjusting the results for the 
residual minutes of declination as appropriate. Values of the meridian angle t, the 
azimuth angle Z, and the difference d have been generated by a computer program 
based upon the following equations: 


cos t = sin h sec d sec L — tan L tan d 
cos Z = sin d sec h sec L — tan L tan h 
d = 60 (sin L sec h sec d — tan h tan 4), 
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where t=meridian angle, h=altitude, d=declination, L=latitude, Z—azimuth 
angle, and d = rate of change of altitude with respect to declination. 

2114. Azimuth methods.—Nearly all methods proposed for obtaining a line of 
position are based upon the use of altitudes. The azimuth might also be used if an 
instrument becomes available for measuring it to the required accuracy. The accu- 
racy needed would depend upon the acceptable error of the line of position. The 
error would be proportional to the cosine of the altitude. For a celestial body on the 
celestial horizon an error of 1’ in the azimuth would introduce an error of 1 mile in 
the line of position, the same as it does in an altitude observation. For any altitude 
greater than 0°, the error would be less. 

Each method of determining a line of position by altitude has its counterpart in 
the azimuth problem. Thus, if it can be determined that a celestial body is exactly 
on the celestial meridian, the west longitude is the same as the GHA of the body. If 
the body is exactly on the prime vertical, the latitude can be computed. As a more 
general case, two points on a given azimuth line can be computed and joined by a 
straight line, by assuming two latitudes or two longitudes. However, if one such 
position is known, the azimuth line of position can be drawn through it in the 
direction of the azimuth. If the celestial body is sufficiently high, or if a small scale 
is acceptable and allowance is made for chart distortion, the azimuth line can be 
plotted directly, just as the circle of position can be drawn if the altitude is known. 
The difference between the observed azimuth and that computed for an assumed 
position can be used in a manner similar to the altitude difference. The azimuth 
difference in minutes multiplied by the cosine of the altitude would be the “‘inter- 
cept” measured off from the assumed position in a direction perpendicular to the 
computed azimuth. Through the point thus determined, a line would be drawn in 
the direction of the observed azimuth. For small differences, the line could be 
drawn perpendicular to the line from the assumed position. The relative values of 
the observed and computed azimuths would indicate the direction (right or left) to 
draw the line from the assumed position. 

If the altitude and azimuth were both known to sufficient accuracy, a single 
celestial body would suffice for determining position by any combination of altitude 
and azimuth methods or by direct computation of latitude and longitude. The two 
lines of position would always be perpendicular to each other. 

Double altitudes. For a stationary observer the longitude can be determined by 
observing the altitude shortly before meridian. transit (either upper or lower), and 
noting the time when the altitude has returned to exactly the same value after 
meridian transit. If there has been no change in declination between observations, 
the mid time represents the moment of meridian transit, at which time the azimuth 
is 000° or 180°. The GHA (or 360°—GHA for east longitude) is the longitude of the 
observer. This method might be considered as either a longitude or an azimuth 
method. A variation is to observe a number of altitudes shortly before and after 
meridian transit. These are then plotted against time on cross-section paper and a 
smooth curve plotted through them. The time corresponding to the maximum 
altitude (minimum altitude for lower transit) is the moment of meridian transit. 

2115. Determination of latitude and longitude.—Most methods provide infor- 
mation needed for plotting a line of position. The fix is at the common intersection 
of two or more such lines. A line of position might be plotted in one of several ways. 
In the latitude and longitude methods, the lines are plotted at the computed 
coordinate. When one coordinate has been determined, the other can be computed 
without plotting. Thus, the longitude determined by time sight is generally correct 
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only for the latitude used in its solution, and the plotting of a longitude line is 
misleading, unless the celestial body is on the prime vertical. A better procedure is 
to compute two points, using different latitudes (or longitudes, if latitude is being 
computed). These two points are,on the line of position. A straight line connecting 
them is a good approximation of the circle of equal altitude. This was the method 
used by Captain Sumner when he discovered the line of position (art. 131), and the 
method of H.O. Pubs. Nos. 203 and 204 (art. 2106). 

Another method is to compute one point and the azimuth (or Zn+90°), and plot 
the line of position through the point. This is the method used by Soule and 
Dreisonstok (art. 2106). 

If only the altitude difference is computed for two points, the line of position is 
a common tangent of circles of radius equal to the altitude difference at these two 
points. This is the method of Benest and Timberlake (art. 2110). 

The most common modern method of plotting the line of position is by means 
of the assumed position, altitude intercept, and azimuth. 

It is possible, too, to plot circles of position by using the geographical position of 
each body as the center of its circle, and the zenith distance as its radius. This is 
the method used for high-altitude observations (art. 2024), but is generally not 
practical for ordinary altitudes because of the small scale that would be needed, and 
the error that would be introduced by chart distortion, unless plotting were done on 
the surface of a sphere (art. 2124). 

The use of a circle of equal altitude is similar to the use of a circle of position 
around a landmark of known range. The bearing of such a landmark also furnishes 
a line of position. Similarly, a line of position can be obtained by plotting the 
azimuth line of a celestial body, and a fix by plotting two such lines. This is 
generally not done because of the scale and chart limitations mentioned above, and 
also because the needed accuracy in observation is beyond the capability of equip- 
ment generally available to the navigator. Errors in both compass and measure- 
ment of azimuth are involved. 

Various methods of determining position by computation from observations of 
two or more celestial bodies or four observations of a single celestial body are 
discussed in articles 2116 and 2117. 

2116. Computed position from observation of two or more bodies.—Several 
methods have been proposed for computing the position directly from the observa- 
tion of two or more celestial bodies. These generally consist of some combination of 
latitude and time sight methods. One form of automatic celestial navigation, pro- 
posed by Collins Radio Company, uses the principle of the planetarium in reverse, 
two bodies serving to position a horizontal-stabilized sphere (in principle) for lati- 
tude and local sidereal time. If the device is accurately set to Greenwich sidereal 
time, longitude is indicated. 

de Jonge. In 1945 Joost H. Kiewiet de Jonge, a lieutenant in the Netherlands 
East Indies Army Air Force, proposed a method of determining position from the 
observation of three stars. The U. S. Navy Hydrographic Office published experi- 
mental tables for several star pairs for latitudes 20° to 30° under the title Three 
Star Position Tables for Aerial Navigation. It was anticipated that if the method 
proved popular, all possible three-star combinations (of the stars in the main 
tabulation of the almanacs) would be given, so that the navigator would not be 
limited in his selection. 

No assumed position is needed with the method. Three stars are observed at . 
intervals of three minutes, the stars being observed in the order of listing in the 
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main table. Table I is entered with the three altitudes, hi, hz, and hs, and for each a 
value is taken from the table. These values are labeled H:, Hz, and Hs, respectively. 
They are combined to form H:+H2:=Hw, and H2+H;=Hbs. These combined values, 
Hi2 and Hzs, are then used to enter the main table, from which local sidereal time 
(in arc units) and latitude are obtained. Greenwich sidereal time minus local 
sidereal time equals longitude (measured westward). Delta values and auxiliary 
tables provide corrections for motion of the observer and observation intervals 
differing from three minutes. Mean corrections for both atmospheric refraction and 
Coriolis are included in the tables, which are limited to altitudes between 20° and 
75°, and azimuth difference between consecutive stars to 165°. 

Dozier. In 1949 Charles T. Dozier proposed a method based upon the simultane- 
ous observation of two celestial bodies and the solution of two spherical triangles, 
with vertices as follows: 


triangle 1—the two celestial bodies and the elevated pole, 
triangle 2—the two celestial bodies and the zenith. 


The method involves the successive solution of seven formulas: 
cos D= sin d; sin de+cos di cos de cos S (1) 


sin S cos dz 


sin XG +A p= (2) 


sin D 
sin hz tan hi 
cos Ai= se (8) 
cos h, sin D tan D 
xXi= CXq st Aa) se An (4) 
sin L= sin d; sin hi+cos d: cos hi cos X: (5) 


sin X, cos hi 
SIN ti an aa (6) 
cos L 


A= GHA: +t (7) 


in which D is the great-circle distance (angular) between the two celestial bodies, di 
is the declination of the first body, d: is the declination of the second body, S is the 
difference of SHA of the two bodies, X; is the parallactic angle of the first body, Ai 
is the angle at the first body between its vertical circle and the great circle between 
it and the second body, h: is the altitude of the first body (Ho is used), he is the 
altitude (Ho) of the second body, L is the latitude of the observer, t: is the meridian 
angle of the first body, A is the longitude of the observer, and GHA is the Green- 
wich hour angle of the first body. ; 
If the great circle joining the two celestial bodies is on that side of the zenith 
opposite the elevated pole (if Z is within the angle formed by the vertical circle and 
hour circle of the first body), (X:+A:) is used in formulas (2) and (4), the sign in 
formula (3) is positive (+), and the sign of A; in formula (4) is negative (). These 
signs are all reversed if the line adjoining the celestial bodies is on the opposite side 
of the zenith (Z outside the angle). If the great circle joining the two bodies passes 
almost through the zenith, an error might be made in the selection of the sign, and 
it is well to select another star pair. In formula (7) the sign is positive if the first 
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celestial body is east of the observer’s celestial meridian, and negative if it is west. 
The answer is in longitude measured westward from the Greenwich meridian. If the 
value exceeds 180°, it is subtracted from 360°, and the longitude is east. 

If the quadrant of angle (X;+A,) or if t: is in doubt, the following formulas are 
suggested to replace (2) or (6): 


cos d, tan d2—sin d; cos S 
cot OG +A,)= (2A) 
sin S 


cos d, tan h,—sin d; cos X, 
Cotati — ° (6A) 
sin X, 


In the presentation of the method it was suggested that simultaneous observa- 
tions be obtained by a two-star tracker mounted on a stable platform, or by a 
double sextant. Several such sextants have been proposed, but none is in common 
use. Other possibilities would be to have two observers or to adjust the value of one 
observation for the change in altitude due to its apparent motion and the motion of 
the observer between observations. 

It was proposed that values obtained by solution of formula (1) be published in 
a permanent table, since these values for various star pairs would be constant 
except for the very slight change due to proper motion (art. 1418). Since the values 
obtained by formula (2) change slowly with precession of the equinoxes (art. 1419), it 
was proposed that the angle (Xi+A,) for a number of star pairs be published 
annually, perhaps in the almanacs. The other formulas would be solved after 
observation of the celestial bodies. 

Kotlarié. In 1954 Stjepo M. Kotlarié (arts. 2112 and 2113), of Yugoslavia, pro- 
posed a method based upon the simultaneous observation of two selected stars and 
the solution of three spherical triangles with vertices as follows: 


triangle 1—the two stars and the elevated pole, 
triangle 2—the two stars and the zenith, and 
triangle 3—the elevated pole, the zenith, and the second star. 


The parallactic angle (X) of the second star is determined by solutions of triangles 1 
and 2, using haversine formulas. The latitude and the local hour angle of the 
second star are then computed by solution of triangle 3, using observed altitude, 
parallactic angle, and declination of the second star as the known parts. By sub- 
tracting the GHA of the second star from its LHA, the longitude is obtained. 

From triangle PnM,Mz2 (fig. 2116), angle A and the interstellar distance 
(90°—V,) are computed by means of the difference of sidereal hour angles (SHA, 
and SHA:) of the two stars observed and their declinations (di: and d.) from the 
formulas: 


_  90°—V, _ d—di SHA,—SHA 
sin? —_———— =sin? spsaphgache be tie cos dz cos d; (1) 
A 
sin? =csc (90°—V,) sec dz cos R sin (R—d,) (2) 


di + (90°—V,)+d. 
5 ; 
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GHA ARIES 


FiGuRE 2116.—The spherical triangles on the celestial sphere used in Tables K11. 


From triangle ZM,Mb, angle B is computed, using the two observed altitudes 
(Ho, and Ho.) and the interstellar distance (90° —V,) as the known parts, from the 
formula: 


B 
sin? — =csc (90°—V,) sec Hoz cos R sin (R—Ho,) (3) 
2 


Ho, + (90° —V,)+ Hoz 
A 3 


Angle B, combined with angle A, gives the parallactic angle (X) from one of the 
following relations, depending upon the relative positions of the zenith and the two 


stars: 
X= A+B? X=A-B, X=360°—(A+B). (4) 


From triangle PnZM2 the local hour angle of the second star (LHA,) and the 
latitude of the observer are computed, using dz, Hoe, and X as the known parts, 


from the formulas: 


620 COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 


90°—L Ho.—d2 Xx 
sin? =gsin? +sin?— cos Hoz cos de (5) 
: 2 
LHA, : 
sin? =csc (90°—d.) sec L cos R sin (R—Ho.) (6) 


Ho2+(90° —d2)+L 
aa : : 


The longitude of the observer and its sign (— for west longitude and + for east 
longitude) are found by subtracting the Greenwich hour angle of the second star 
(GHA:) from the local hour angle of the same star (LHA,). The second star should 
not be observed in the vicinity of the observer’s meridian. 

Nonsimultaneous observations, preferably not more than 4 minutes apart, may 
be used if corrections for the motions of the body and the observer are applied. 

A modified version of this direct method of computation of latitude and longi- 
tude of the observer’s position proposed in 1954 was published in 1971 as Tables 
K11, Two-Star Fix Without Use of Altitude Difference Method. In Tables K11 the 
developed formulas were not used for tabuiation of latitude and LHA, as suggested 
in 1954, but for the tabulation of correction indices and their signs. These indices 
are used through the multiplication table in obtaining corrections to the tabulated 
entering arguments (assumed latitude and LHA ‘) for the difference in declina- 
tions and sidereal hour angles between the constant values used in the tabulation 
and the values at the time of observation. Correction indices are also provided in 
the main table for use in obtaining corrections to the entering arguments for the 
difference between actual and tabulated altitudes in order to obtain accurate lati- 
tude and LHA ‘. The longitude is obtained by subtracting the GHA, from the sum 
of LHA Y and tabulated SHA». 

Tables K11 are unique among all other tabular methods as they give tabulated 
corrections to be applied to the assumed position in order to obtain the observed 
position without plotting lines of position. The method is simple; there are no rules 
for signs nor mental interpolations. The tabulated corrections are given on one page 
of the main tables at the opening for assumed latitude and LHA Y. 

The tables are published in five volumes: Volume I N (lat. 0° to 9°30’N), in 
press; Volume II N (lat. 10° to 19°30'N), published 1975; Volume III N (lat. 20° to 
29°30'N), published 1974; Volume IV N (lat. 30° to 39°30'N), published 1972; and 
Volume V N (lat. 40° to 49°30'N), published 1971. 

Data for 37 stars in 155 star combinations are included in the tables. Each of 
the 360 pages of the main table of each volume contains tabulations for two star 
pairs for arguments of a single latitude (whole degrees or whole degrees and half 
degree) and a 20° range of LHA at half-degree intervals. 

In 1974 Dr. Kotlarié simplified the correction procedure required when the star 
observations are nonsimultaneous; eliminating the need to observe the compass 
azimuth of the first star. Corrections for the elapsed time between observations are 
applied directly to the tabulated latitude and LHA ‘°°. 

The modification is designed for the new edition in a way to double the number 
of star pairs without increasing the number of pages of each volume. To reach this 
goal four different star pairs will be tabulated on each page within the same 20° 
range of LHA Y but divided separately for each 10° range of LHA Y. Eight 
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different star pairs are given for each assumed position found at each opening of 
the tables. This is deemed quite satisfactory for the practice of navigation. 

The tables include a comprehensive English explanation. 

2117. Position from observation of single body.—If azimuth could be deter- 
mined and plotted to sufficient accuracy, the altitude and azimuth of a single body 
could be used for establishing a fix. Any combination of altitude and azimuth 
methods (arts. 2108 and 2114) might be used, or the position could be computed 
without plotting. The following formulas might be used: 


sin t=sin Z cos h sec d 
tan Ki=cos t cot d 
tan Ke2=cos Z cot h 
L=90°—(K:+K:.) (Approximate latitude must be known). 


A single body can be used for a running fix, of course, and if the body is near 
the zenith, a relatively short time might be needed. This is the case for high- 
altitude observations (art. 2024) and has been used by a submarine measuring 
azimuth through its periscope when the sun is near the zenith. 

Willis. Another method of determining position by a single body is by the use of 
altitude and rate of change of altitude. Three methods of doing this were suggested 
by Edward J. Willis in 1928. 

Prime vertical observation. It can be shown by the use of differential calculus 
(art. 144, vol. I) that 


dh 
cos L=— csc Z (1) 
dt 


when 
dh 
dt 


is the rate of change of altitude with respect to time, specifically the change of 
altitude in minutes of arc during a one-minute-of-arc (four-seconds-of-time) change 
of hour angle of the body. However, to obtain latitude accurately in this way it is 
necessary to determine 

dh 

dt 


to an accuracy of perhaps four decimal places, and Z to an accuracy of perhaps one 
minute of arc. Two possible methods of obtaining 

dh 

dt 


are given below, but present instrument limitations do not permit measurement of 
azimuth to the required accuracy. However, the cosecant of 90° is unity, so that if 
the observation is made when the celestial body is on the prime vertical, the 


formula becomes 


dh 
oe (2) 
dt 


cos L= 


Relatively little error is introduced if the body is within 1° of the prime 
vertical. The determination of position consists of the following steps: 
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1. Observe the altitude (h) and rate of change of altitude 

dh 
(4) 
when the celestial body is within 1° of the prime vertical. 

2. Compute latitude (L) by formula (2). 

3. Determine longitude by any standard method, such as Pub. No. 214 or other 
line of position method, or by time sight (art. 2106). 

Perpendicular lines of position. The great circle through the zenith and the 
celestial body (the vertical circle or azimuth line) furnishes an azimuth line of 
position that can be established if rate of change of altitude can be accurately 
determined. This line is perpendicular to the circle of equal altitude and therefore 
nearly perpendicular to the line of position determined in the usual manner. The 
intersection of the two lines is the position of the observer. The method involves the 


following steps: 
1. Observe the altitude (h) and rate of change of altitude 


dh 
dt } 
2. Compute the direction of the great circle through the zenith and the celestial 
body (the vertical circle) at the point where the great circle crosses the celestial 
equator. This is the complement of the latitude of the vertex and so can be found 


from a modification of formula (2), which gives the latitude of the vertex: 


dh 
sin Ze=& —_. (3) 
dt 


3. Compute the longitude (A.) at which the vertical circle crosses the celestial 
equator, using the formula 


sin (Ao~A,)=tan Z, tan d. (4) 


The value A, is the longitude of the geographical position of the celestial body. 
4. Solve for the latitude (L) at which the azimuth line of position crosses the 
meridian of the dead reckoning position, or for longitude (A) at which the line 
crosses the parallel of latitude of the dead reckoning position, using one of the 
following formulas: 
tan L=cot Zo sin (Ao~ Apr) (5) 
or 
sin (Ao~A)=tan Z, tan Lor (6) 


in which Lpz and Apr are the DR latitude and longitude, respectively. Any assumed 
position in the vicinity can be used in place of the DR. In general, it is preferable to 
use (5) if azimuth angle is between 45° and 135°, and (6) if it is outside these limits. 

5. Solve for the direction (Z) of the azimuth line of position at the point 
determined in step (4), using the formula 


sin Z=sin Zp sec L. (7) 


If the DR position or the AP is near the actual position, the azimuth can be 
considered the same at both without appreciable error. 
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6. Plot the azimuth line of position through the point found in step (4), in the 
direction found in step (5). 


7. Compute a and Zn by any method and plot the resulting line of position. The 
intersection of the two lines of position is the fix. 

Latitude and longitude by computation. This method is independent of a dead 
reckoning position, and requires no plotting. It is free from limitations except that 
observations near meridian transit should be avoided. At this time the rate of 
change of altitude decreases to zero and then reverses, introducing a possible error. 
The steps by this method are: 


1. Observe the altitude (h) and rate of change of altitude 


dh 
at } 
2. Compute Zo, using formula (3). 
3. Compute the latitude (L) of the observer by the formula 


sin d 
sin L=cos Z cos}h+sin™ : (8) 
cos Zo 
In the solution of this equation, the angle whose sine is 
sin d 
cos Zo 


is added to or subtracted from h. The cosine of this angle is then multiplied by cos 
Zo, and the result is the sine of the latitude of the observer. The sign is positive (+) 
unless L is greater than d and has the same name, when it is negative (—). 
However, if d is of the same name and greater, the angle to be added may be 
greater than 90°. 

4. Compute the meridian angle of the observer by the formula 


sin t—sin Z cos h sec d sec L. (9) 


5. Determine GHA for the time of observation. 
6. Convert t to LHA, and compute longitude (A) by the formula 


A=GHA-—LHA. (10) 


If \ is greater than 180°, subtract it from 360° and label it E (east). 

Formulas (8) and (10) yield a position on the circle of equal altitude regardless 
of the value of Zo. used. The correct position is given only if the correct value of Zp is 
used. 

Any of the three methods requires determination of 

dh 
dt 
Two methods are proposed: 

In the first, the time needed for the sun (or moon) to change altitude an 
amount equal to its own diameter is measured. If the body is rising, the upper limb 
of the reflected image is brought a short distance below the horizon. As it makes 
contact with the horizon, a stopwatch is started. When the lower limb makes 


contact with the horizon (usually between 127.8 seconds, the minimum for a station- 
ary observer, and ten minutes after the first contact) the watch is stopped, and the 
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time is read to the nearest tenth of a second, if possible. If the body is setting, the 
lower limb of the reflected image is brought a short distance above the horizon and 
the watch started when the lower limb makes contact and stopped when the upper 
limb makes contact with the horizon. At sunrise or sunset no sextant is needed. 
Any lag in starting or stopping the watch will not affect the result if it is the same 
at both ends of the period. The diameter of the body, in minutes of arc, divided by 
one-fourth the number of seconds is 
dh 


dt 
Since semidiameter is tabulated, the most convenient procedure for 
determining 


dh 
dt 
is probably to solve the equation 
d 8 SD 
at TT 


where SD is the semidiameter of the body in minutes and T is the time interval in 
seconds. The semidiameter is given to the nearest 0/1 in the Nautical Almanac. 
More accurate results will be obtained if the value is taken from the Astronomical 
Almanac, where semidiameter is given to the nearest 0701. 

The motion of the observer introduces an error which can be corrected as 
follows: multiply half the run of the vessel between upper and lower limb contacts, 
expressed in nautical miles, by the cosine of the angle between the course of the 
vessel and the azimuth of the celestial body at the mid time of observation. If this 
angle is Jess than 90°, the correction is added to the tabulated semidiameter if the 
body is setting, and subtracted if it is rising. If the angle is greater than 90°, the 
correction is added if the body is rising and subtracted if it is setting. 

Some practice may be needed to obtain an accurate measurement of the time 
interval. This practice might be obtained by making a number of observations at a 
known position and comparing these with values obtained by computation, using 
the formula 


T=8 SD cos h sec d sec L esc t, 
using Hc for h. 

The time of an observation is at the middle of the interval between contacts. In 
correcting hs, the reading of the sextant, to obtain Ho, omit the correction for 
semidiameter. This might be done by correcting in the usual manner, with an 
additional correction equal to the semidiameter. The additional correction is nega- 
tive (—) if the lower limb correction is applied, and positive (+) if the upper limb 
correction is applied. Another way is to apply neither the lower nor upper limb 
correction, but a value equal to the algebraic average of both. 

The second method of determining 

dh 
dt 


is given as the more accurate of the two. 
It consists of observing three altitudes of the celestial body at exactly equal inter- 
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vals of from 15 to 30 minutes. A shorter interval may result in too great an error in 
rate, while a longer one increases the time without advantage. If hi, hz, and hs are 


the three altitudes and t: and ts are the meridian angles at the times of the first 
and third observations, respectively, 


dh 
dt 
can be computed by means of the formula 
dh 
7: =sin Ye(hi—hs) cos Y(hi+hs) esc Ye(t:—ts) sec hz. 


If difficulty is experienced in making an accurate observation at a given time, 
better results might be obtained by computing the time for the third observation, by 
adding the interval between the first two observations to the time of the second 
observation, and then making several observations starting shortly before the com- 
puted time. These can then be plotted on cross-section paper with altitude as one 
coordinate and time as the other. The altitude indicated by the intersection of the 
line representing the required time and a line faired through the plotted points is 
used as the third altitude. A similar procedure might increase the accuracy of the 
first two observations. A quicker but less accurate way of determining the third 
altitude is to take one observation shortly before the required time and another 
shortly after it, and interpolating to find the altitude at the required time. Another 
variation is to take an altitude at about the required time and adjust the second 
altitude to the corresponding value midway between the first and third observa- 
tions, using the mean value found by interpolating from the first or third observa- 
tion and extrapolating (art. 207, vol. II) from the other. The time and altitude are 
those of the second observation. 

This method assumes no change of declination between observations, and no 
change in the position of the observer. When the observer is not stationary, a 
correction is applied to h: and hs to convert them to the equivalent values at the 
position of the second observation. Assuming constant course and speed, this correc- 
tion in minutes of arc is equal to the vessel’s run between consecutive observations 
multiplied by the cosine of the angle between the course of the vessel and the 
average azimuth of the body. If the angle is Jess than 90°, the correction is added to 
h, and subtracted from hs. If the angle is greater than 90°, the correction is 
subtracted from h, and added to hs. 

A possible variation of either method of determining 

dh 
dt 


would be to make a comparatively large number of observations (10 to 15) at short 
intervals and plot the altitudes versus time on cross-section paper. A point near 
each end of the line faired through the plotted points would then be corrected for 
the run of the vessel, as in the second method. Two points might then be selected, 
one near each end of the altitude-time line. The change in altitude, in minutes, 
divided by one-fourth the number of seconds between the two points is 


dh 
dt 
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If preferred, three points might be selected at equal intervals and the formula of 
the second method used. 
Rate determined by two individual observations a few minutes apart would not 
be sufficiently accurate for practical navigation. 
None of the methods employing rate of change of altitude have proved popular, 
probably because of the difficulty of obtaining an accurate value of 
dh 


dt 


The use of azimuth and rate of change of azimuth, altitude and rate of change of 
azimuth, or azimuth and rate of change of altitude have been even less attractive 
because of the even greater difficulty of obtaining accurate measurements of azi- 
muth or rate of change of azimuth. With the further development of automatic 
devices for continuously measuring altitude or azimuth, with allowance for motion 
of the observer, such methods might prove more attractive. 

2118. Use of unique situations.—Various unique situations might be used for 
determining position or a line of position. As a general rule these have not been 
attractive because they could be used only when the conditions were met. As an 
example, if a celestial body of known coordinates were known to be in the zenith, 
the declination of the body would be the same as the latitude of the observer. His 
longitude would be the same as GHA of the body (360°—GHA in east longitude). 

Near the geographical poles, the poles can be used as the assumed position. 
Here the declination of the body is the same as the computed altitude, and GHA 
replaces azimuth. 

Meridian altitudes (art. 2103) and latitude by Polaris (art. 2105) are examples of 
methods depending upon unique situations. These have both been used extensively, 
but are decreasing in popularity because of their reliance upon unique conditions, 
without adequately compensating advantages. 

Shchetkin. In 1899 N. O. Shchetkin proposed a method of computing latitude 
and meridian angle from measurement of the times at which two or more pairs of 
stars have the same altitude. Each star pair would provide, in effect, a single great- 
circle line of position. Variations of the method were proposed by Zinger, Pewzow, 
and W. W. Kawraisky, a Russian. The necessary tables for latitude 60°N to 80°N 
were published by the Astronomical Institute of Russia in 1936. A similar method 
was prepared by Simon Swahn in 1943. 

Collins. In 1946 Oliver C. Collins, an astronomer at the University of Nebraska, 
proposed a variation of the method of Shchetkin, and extended it to include obser- 
vations when two celestial bodies have the same azimuth. 

McKee. In 1951 Lieutenant Merlin A. McKee, USMS, proposed a graphical 
solution of the same-altitude method of Collins. 

Pierce. About 1951 Rear Admiral M. R. Pierce, USN (Ret.), suggested a method 
of establishing a line of position perpendicular to the course line when the altitude 
of a celestial body is observed at the moment it crosses the great circle through the 
observer and his destination. 

2119. Graphical and mechanical solutions.—All of the methods described above 
require tables, either for a mathematical solution or to extract computed values of 
altitude and azimuth. The total number of possible tabular solutions must be very 
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great. The number of graphical and mechanical solutions is almost endless. The 
ones selected for mention below are representative of the types that have been 
prepared or made available. 

Graphical solutions are almost as old as tabular ones, having existed at least 
since 1790, when Margetts’ Horary Tables appeared in graphical form. These were 
intended ‘for shewing by Inspection the Apparent Diurnal Motion of the Sun, 
Moon, and Stars, the Latitude of a Ship and the Azimuth, Time, or Altitude 
corresponding with any Celestial Object.’”’ They were intended primarily for use 
with the longitude method of laying down a line of position. 

In general, graphical and mechanical solutions have not proved popular, for 
several reasons: First, they generally involve a small scale, yielding results of less 
accuracy than desired, even with careful work. Second, some of the methods must 
be used as a whole, and cannot be divided into parts to increase the scale. Third, 
such methods usually do not provide a record of the solution, and it is often difficult 
to check the results. Fourth, solutions requiring instruments are subject to errors 
due to lack of proper adjustment or mechanical damage which may not be appar- 
ent. Fifth, the required diagrams or instruments may be quite bulky, requiring 
considerable space for stowage and manipulation. Finally, in some cases the neces- 
sary instruments are expensive. 

2120. Altitude and azimuth angle by graph.—One type of graphical solution is 
by means of a diagram that solves an equation. 

d’Ocagne. Typical of such diagrams is that prepared by Maurice d’Ocagne, a 
Frenchman. Both altitude and azimuth angle can be found by means of this dia- 
gram, which is based upon the following formulas: 


hav z=hav (L—d)-+ {hav [180° —(L+d)]—hav (L—d)} hav t, 
hav (90°+d)=hav (L—h)-+ {hav [180° —(L+h)]—hav (L—h)} hav Z, 


in which z=90° —h. 

The sides of a square are divided according to the haversines of angles, from 0° 
to 180°, and the corresponding graduations of opposite sides are connected with 
straight lines, forming a diagram as shown in figure 2120a. The graduations on the 
two sides run in opposite directions. To find the zenith distance, locate the value 
corresponding to (L—d) along the left of the diagram, and the value corresponding 
to (L+d) along the right of the diagram. Draw a straight line through these points. 
Locate the intersection of this line with the vertical line corresponding to meridian 
angle. A horizontal line from this intersection to the left edge indicates the zenith 
distance. 

To find azimuth angle, draw a straight line between (L—h) at the left and 
(L+h) at the right. Locate the intersection of this line and the horizontal line 
corresponding to (90°—d). A vertical line from this intersection to the top of the 
diagram indicates the azimuth angle. 

If the altitude, latitude, and declination are known, the first solution can be 
made in reverse for meridian angle, for a longitude method solution. 

The diagram was first published in 1899 in Traité de Nomographie by d’Ocagne. 
Similar diagrams have since been published under the name Spherical Triangle 
Nomogram by Wimperis, and under the title Altitude, Azimuth, and Hour Angle 
Diagram by Littlehales in 1906, and by the U. S. Navy Hydrographic Office in 1917. 

Favé and Rollet de I’Isle.—If a perpendicular is dropped from the celestial body 
to the celestial meridian, a diagram can be prepared to solve the basic formulas 
given in article 2111, or others derived from these. Such a diagram is shown in 
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FiGuRE 2120a.—The d’Ocagne diagram. 


figure 2120b. This diagram was devised by the French engineers Favé and Rollet de 
Isle in 1892. The diagram represents only one-eighth of a sphere, additional 
sections being needed. An alternative is to show additional labels, as in figure 
2120b. This results in three “cases” and several rules similar to those used with 
some logarithmic solutions. Solutions for both altitude and azimuth angle are made 
in two steps, plus one addition or subtraction. This diagram was reproduced by the 
Frenchman M. E. Pereire in 1894 and by another Frenchman, P. Constan, in 1906 
as a method of finding azimuth 

Jernes.—In 1953 Leiv Jernzes, a Norwegian, invented a device he called a 
“Nauticator,” which consists of various scales in a semicircle with radial scales on a 
plastic arm pivoted at the center of curvature of the semicircle. The device is used 
with a pair of dividers to solve various problems of spherical trigonometry to an 
accuracy of about 15’. 

Bertin. In 1955 Rev. Maurice Bertin, a Frenchman, devised a graphical solution 
for the longitude method, using the formulas: 

tan? 2 t= tan % (90°—a) tan % (90°—8£) (1) 


and 
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FicureE 2120b.—The Favé diagram. 
tan %% (90°—a) 


tan? % Z= (2) 
tan ¥% (90°—2£B) 


in which 
tan % a=tan % (h+d) tan % (90°—L) 


and 
tan % (h—d) 


tand 171905 Ly | 


tan % B= 


The diagram consists of three families of straight lines, one vertical, one 
horizontal, and the third at an angle of 45° to the others. The accuracy depends 
upon the scale of the diagram, but a large one is needed for navigational accuracy. 

2121. Altitude and azimuth angle by computer.—Slide rules, like diagrams, 
have been devised to solve formulas. In the case of the navigational triangle, both 
suffer from the need for a scale that can be read to a subdivision at least as small 
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as 1’. A number of such slide rules have been devised for use in reducing celestial 
observations. 

Richer. In 1791 Jean Francisco Richer, a Frenchman, constructed a device 
composed of six arms, some hinged and some sliding, which won a prize offered by 
the Paris Academy of Science for a simple method of “clearing” lunar distances 
(art. 131) in the solution for longitude. The device solved a formula devised by the 
French mathematician Joseph Louis Lagrange, and was capable also of solving 
other problems involving spherical triangles, such as those related to time sight 
solution (art. 2106), computation of altitude, and great-circle sailing problems (art. 
903). 

Poor. A slide rule invented by Professor Charles L. Poor is shown in figure 
2121a. This device, called the “Line of Position Computer,” was designed to solve 
the cosine-haversine formula (art. 2109). Eight concentric circular scales are en- 
graved on a metal disk about 15 inches in diameter. A plastic arm and circular 
sheet are pivoted at the center of the disk. The arm may be clamped to the plastic 
sheet. The seven outer scales are used in solving for altitude. The altitude scale is 
graduated at intervals of 10’, and further subdivisions can be estimated. The inner 
scale is used for determining azimuth angle. Several rules are needed, and the 
number of scales adds to the possibility of error. 

Bygrave. A cylindrical slide rule was designed by the Englishman Bygrave to 
solve the navigational triangle divided by dropping a perpendicular from the celes- 
tial body to the celestial meridian (fig. 2111). This device, shown in figure 2121b, 
consists of three concentric tubes. The inner one has a spiral scale of logarithmic 
tangents, the middle one a spiral scale of logarithmic cosines, and the outer one a 
pointer for each scale. Solution is simple and relatively fast, but altered procedures 
are required if the azimuth-angle is near 90°, or the meridian angle or declination 
is very small. The overall dimensions are about 2% inches in diameter by nine 
inches long. An accuracy of about 1’ or 2’ is generally attainable. 

Bertin. In 1955 Rev. Maurice Bertin devised an 18-inch slide rule to provide a 
solution of the longitude method to an accuracy of about 1°, using the formulas 
upon which his graphical solution (art. 2120) is based. He also devised a solution of 
the same formulas by a circular slide rule consisting essentially of two spirals. The 
inner one is on a disk 23 centimeters (9.2 inches) in diameter, and the outer one is 
on an annular ring 39 centimeters (15.6 inches) in outside diameter. The gradua- 
tions are proportional to the log cotangents of half-angles. A window on a cover is 
provided with a radial line to serve as an index. Solution is facilitated if an 
approximation of the answer is known in advance. An accuracy of better than 3’ is 
claimed for this device. Still another solution proposed at the same time is by a 
computer consisting of a strip four centimeters (1.6 inches) wide and 12 meters 
(nearly 40 feet) long, wound on two rollers and engraved with three sets of gradua- 
tions. An accuracy of better than 1’ is claimed, but several arithmetical steps are 
required. 

LeSort. A computing device based upon solution of formulas for a divided 
navigational triangle was designed by Commander LeSort of the French Navy. 
Logarithmic scales are placed on eight films wound on rollers. The films operate in 
pairs so arranged that the two films of any pair can be locked together at any point. 
Alternate films carry log cosine and log tangent scales. Although an accuracy of 
about 0/2 can be obtained, the method is comparatively long and has no apparent 
advantage over modern inspection tables. 
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FIGURE 2121a.—The Poor Line of Position Computer. 


Desk computers. Several desk-type computers have been designed to solve the 
navigational triangle. 

2122. Altitude and azimuth angle by map projection.—If the observer were to 
move along his meridian to the nearer pole, and the navigational triangle were to 
move with him without its proportions being changed, his zenith would coincide 
with the pole, and the vertical circle would coincide with some celestial meridian. 
Zenith distance or altitude could be read directly. Since both great circles forming 
the azimuth angle would now coincide with celestial meridians, the azimuth angle 
could also be determined directly. 

Littlehales. To accomplish this with a sphere, to a useful accuracy, would 
require a sphere of impractical size for use by the navigator. However, the solution 
can be made by means of a map projection. George Littlehales, of the U. S. Navy 
Hydrographic Office, used the stereographic projection (art. 318) and a 12-foot 
sphere for this purpose. The projection is divided into 368 overlapping sheets which, 
with a key diagram, are bound together. An accuracy of about 1’ or 2’ can be 
obtained by a rapid and simple process, but the volume is bulky and not particular- 


ly convenient. 
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FIGURE 2121b.—The Bygrave slide rule. 


Veater. Commander Veater of the British Royal Navy used the transverse 
Mercator projection (art. 309), with the observer’s meridian as the fictitious equator. 

Hyatt. A similar principle is utilized in the diagram on the plane of the 
celestial meridian (art. 1432). A mechanical device based upon this diagram can be 
made by drawing a hemisphere by equatorial orthographic (art. 319) or stereograph- 
ic projection and pivoting at its center an identical hemisphere on transparent 
material. If the top hemisphere is rotated until the arc between poles of the two 
hemispheres is equal to the colatitude of the observer, the lines of one hemisphere 
represent coordinates of the celestial equator system (art. 1428), and those of the 
other, coordinates of the horizon system (art. 1430). Thus, if a body is located by 
meridian angle and declination on one set of lines, its altitude and azimuth angle 
can be read from the other set. If altitude and declination are used to locate the 
body, meridian angle can be read from the diagram. In the United States such a 
device, on both the orthographic and stereographic projections, has been prepared 
by Commander Delwyn Hyatt, USN, under the titles “Celestial Coordinator” and 
“Coordinate Transformer.” It has also been produced in other countries, notably in 
Germany, France, and Russia, where, in addition to such a device, precision instru- 
ments based upon the same principle have been constructed. The scale of the 
German instrument is so small that an accuracy of about 5’ is about the best that 
can be expected. The Bastien-Morin (French) and Kavroyskyy (Russian) instruments 
might yield results of slightly greater accuracy. The plastic device, if carefully 
made, might be generally accurate to half a degree. It has been used primarily for 
instructional purposes. 

Brown-Nassau. The Brown-Nassau “Navigational Computer” utilizes the same 
principle, but uses the azimuthal equidistant projection (art. 320) and increases the 
scale by limiting the device to an octant of the sphere, with separate solutions for 
altitude and azimuth, and various rules. 
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True. In his Celestial Navigator for Aviators, printed about 19438, Clarence H. 
True, of the Canal Zone, uses a single diagram on the orthographic projection. This 
serves as the basis for a solution by construction, claimed to be of sufficient 
accuracy for use in lifeboats. Various rules are needed. 

Pierce. A series of diagrams on the azimuthal equidistant projection have been 
devised by Rear Admiral M. R. Pierce, USN (Ret.). The method is based upon the 
principle that angles are correctly represented at the point of tangency of this 
projection, and radial lines from this point represent great circles along which 
distances are represented by a uniform scale. A protractor is used for measuring 
the azimuth angle. Attached to the protractor is an arm with a linear scale 
graduated so that altitude can be read directly. The whole device is called a 
“Cadameter.” The method is easy to use, and about as fast as modern inspection 
tables. With great care an accuracy of 1’ can be obtained. The method suffers from 
the need for a number of diagrams which are somewhat bulky and more susceptible 
to damage than a book. 

2123. Latitude and longitude by diagram.—A number of graphical and mechan- 
ical solutions have been devised to yield latitude and longitude directly. 

Beij. One proposed in 1924 by K. Hilding Beij, of the U. S. Bureau of Standards, 
was based upon the fact that latitude and local sidereal time are completely defined 
by the simultaneous altitudes of two celestial bodies whose declination and SHA are 
known. A page of his proposed diagrams is shown in figure 2128a, in which latitude 
is the abscissa, and LST is the ordinate. Position on the graph is located by the 
intersection of the curves representing the altitude of the two celestial bodies 
observed. The vertical line through the intersection indicates the latitude, and the 
horizontal line the LST. The difference between GST and LST is the longitude. If a 
timepiece keeping GST is available, not even an almanac is needed. 
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FicurE 2123a.—The Beij two-star diagram. 
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The method is accurate, fast, and direct. The individual sheets can be drawn to 
any scale and cut to any size desired. For a large scale with sheets of a convenient 
size, a great many diagrams would be needed, but these might be bound together in 
convenient-size volumes, or placed on a tape wound around rollers, as originally 
proposed. A weakness of the method is the requirement for simultaneous observa- 
tions. For nonsimultaneous observations a table might be provided to indicate the 
change in altitude during the interval between observations. Since the positions of 
the curves depend upon the declination and SHA of the body, the method is limited 
to celestial bodies whose coordinates are nearly constant, unless the curves are 
intended only for a particular time. Even for stars, the diagrams become out-of-date 
in a few years. The method is limited to the particular bodies for which curves are 
shown, although the number of curves need not be limited to two. This is a form of 
precomputation, since the computation is performed in locating the curves, rather 
than by the navigator. In a sense, it might be considered a graphical form of Pub. 
No. 249 (art. 2118). 

Weems. If the Beij diagram is rotated through 90°, the parallels of latitude 
become horizontal, as customary on a chart. If they are spaced according to the 
Mercator projection, azimuth is indicated by the normal to a curve. This is the 
arrangement used by Captain P. V. H. Weems, USN (Ret.), in his Star Altitude 
Curves, the first volume of which was published in 1928. Later he added a third 
star, using a different color for each star, and included a correction for refraction at 
sea level. A separate volume is used for each 10° of latitude, and a correction is 
provided for precession of the equinoxes. Coverage extends from latitude 50°S to 
70°N, with a separate volume for latitude 70°-90°N. The curves for 80°-90°N are on 
the polar stereographic projection. Any orthomorphic projection (art. 302) could be 
used at any latitude. 

Lines representing observations at different times can be advanced or retired as 
on any chart of the same projection. In addition to the adjustment due to motion of 
the craft between observations, the lines are shifted right or left for the elapsed 
time between observations. An accuracy of about 1’ is attainable by interpolation 
between curves for each 10’ of altitude. 

The star altitude curves are undoubtedly the most widely used of all the 
graphical and mechanical methods. Two-star curves similar to Weems’ first edition 
were published in Germany in 1940. 

Pritchard and Lamplough. In 1940 H. C. Pritchard and F. E. Lamplough, of the 
British Royal Aircraft Establishment, devised a method of reducing the work in- 
volved in the adjustment for elapsed time between observations. They placed the 
star altitude curves on film which is used in a projector called an astrograph. The 
curves are projected onto a Mercator plotting sheet and can be moved across it to 
allow for rotation of the earth. The adjustment is critical, the setting of the 
projector somewhat involved (a special “astrograph mean time” being needed), and 
a bulky and expensive projector is needed to prevent distortion. Because of these 
disadvantages and the fact that any advantage over short tabular methods is slight, 
the astrograph decreased in popularity following World War II. 

Longley. In 1943 Flight Lieutenant C. D. N. Longley, RAF, suggested a “Star 
Computer” based upon the principle of the astrograph. A circular disk serving as a 
base plate would have a mean time scale around its circumference. Altitude curves 
of a limited number of stars would be printed on a template for each latitude. The 
circumference of each template would also carry a mean time scale. A radial cursor 
would aid in reading the device, which is set by means of the GMT at which LHA 
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is 0° at some convenient longitude, the time of observation, and observed altitude. 
Longitude is determined within a 10° band, the ambiguity being resolved by means 
of the dead reckoning position. With a modification of the procedure, the device can 
be used with the altitude method. 

Baker. As early as 1919 Commander T. Y. Baker, RN, prepared altitude curves 
and their orthogonals (normals) on transparent tape which is wound on rollers in 
the “Baker Navigating Machine” (fig. 2123b). The transparent tape is moved across 
a Mercator plotting sheet, being oriented by means of a time scale set with respect 


Ficure 2123b.—The Baker Navigating Machine. 


to a meridian. The line of position is transferred to the plotting sheet by means of 
carbon paper. A single tape has curves for several stars, and a separate tape for 
each 4° of declination from 24°N to 24°S permits use of the device with the sun and 
other bodies of the solar system. A rule attached to the machine (shown at the top 
of fig. 2123b) provides a correction for declination differing from that of the curves. 

Weems. In 1955 Captain P. V. H. Weems, USN (Ret.), prepared a somewhat 
similar device called a “Polar Computer,” using his star altitude curves. 

Leick. In 1911 Dr. A. Leick, a German, prepared a diagram by which latitude 
and LST could be obtained by altitudes of Polaris and one other star. The diagram 
can be used for finding the correction to apply to the altitude of Polaris to deter- 
mine the latitude, and then to find the LST in a second step. 

Favé. In 1901 Favé devised a graphical solution based upon the Marcq St.- 
Hilaire principle (art. 2108). A chart on the stereographic projection (art. 318) is 
used. Tables of computed altitude and azimuth for the point of tangency are needed. 
The chart is on transparent material. An additional sheet has a set of arcs of 
circles, with a straight azimuth line drawn normal to them. The chart is placed 
over the curves with the straight azimuth line through the point of tangency and 
oriented in the direction of the celestial body. A large circle on the chart assists in 
this orientation. The chart is then moved along the azimuth line until the curve 
representing the computed altitude at the point of tangency is under that point. 
The curve representing the observed altitude is then correctly placed and a segment 
of it can be traced on the chart. However, due to chart distortion, error is intro- 
duced in this way. It can be removed by means of a nomogram which indicates the 
correct curve to use. A mark is placed on the chart at the intersection of the 
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azimuth line and the curve representing the observed altitude. The chart is then 
moved along the azimuth line a second time until the correct curve is in place, and 
the arc is traced. This process is repeated for each celestial body observed. For stars, 
a one-page set of curves can be,used instead of tables for determining altitude and 
azimuth at the point of tangency. Favé recommended use of five separate charts 
with points of tangency at 0°, 30°, 45°, 75°, and 90°, respectively. Each chart could 
be used as a plotting sheet for any longitude at the same latitude, requiring 
computed altitude and azimuth for only five places. Favé later put his method into 
instrumental form and used a special protractor and curved ruler. 

Brill. In 1909 Dr. Alfred Brill, a German, invented a device based upon the 
same principle used by Favé, as shown in figure 2123c. In this device the plotting 
sheet is on the azimuthal equidistant projection (art. 320) and covers about 10° of 
latitude. Two sets of curves on separate sheets of tracing cloth are mounted below 
the plotting sheet. A handle turns the plotting sheet to the correct azimuth. 


Figure 2123c.—The Brill device. 


Voigt. The same principle used by Favé and Brill was used in the Voigt 
“Orion” instrument constructed in Germany in 1911. A plotting sheet on the 
azimuthal equidistant projection is engraved on aluminum. Each of the three plot- 
ting sheets, centered on latitudes 42°, 50°, and 55°, respectively, covers a spread of 
10° of latitude. The line of position is drawn by means of a flexible ruler mounted 
on a bridge that can be clamped at any position over the plotting sheet. The 
curvature is controlled by means of gears, a scale being provided to indicate the 
correct value. 

Vucetic. In 1921 a device called a “Toposcope”’ was prepared by Vucetic, a 
Frenchman. The device is identical with the Brill instrument except that a single 
set of curves is prepared and these are cut through the material as slots, and placed 
over the top of the plotting sheet. 

Littlehales in 1918 suggested a method similar to that of Favé, but with a 
polyconic projection (art. 315). 
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Kahn. In 1928 Louis Kahn, a French naval architect, proposed that a set of 
navigational charts be prepared on the oblique Mercator projection (art. 310), a 
separate chart being provided for the great circle between various places on the 
earth. On each chart the small circles on the earth directly below the parallels of 
declination (that is, the daily paths of the geographical positions) of various naviga- 
tional stars would be shown. These circles would be graduated in Greenwich sidere- 
al time, so that the GP at any GST would be indicated. The distance from any 
assumed position to the GP at the instant of observation would be the zenith 
distance, and the direction of the line would be the azimuth. By comparing the 
observed zenith distance with that at the assumed position, the navigator could 
obtain the altitude difference, and plot the line of position. The common intersec- 
tion of two or more such lines of position, advanced or retired to a common time if 
necessary, would define the position of the observer. The method would be limited 
to zenith distance within the range of the chart. A later version would produce 
greater accuracy, but with a little more trouble in making the measurements, by 
substituting the gnomonic projection (art. 317) for the oblique Mercator projection. 

Dusinberre. In 1944 Lieutenant Commander H. W. Dusinberre, USN, suggested 
a method using star diagrams. A diagram for each 1° of latitude and 1° of LHA Y 
would be provided. Each diagram would consist of a series of radial lines extending 
in the directions of the prominent stars favorable for observation. The 22 stars of 
HLO. Pub. No. 218 (art. 2113) were suggested. Until changed by precession of the 
equinoxes (art. 1419) the common origin of these lines would represent a definite 
altitude for each star. The altitude at the next higher whole degree or half degree, 
adjusted for refraction, would be indicated by a tick on the appropriate azimuth 
line. After observation, a transparent plotting board would be properly oriented 
over the appropriate star diagram, using LHA Y¥ and adjusting for the run between 
observations. The line of position would then be drawn at the correct point, perpen- 
dicular to the azimuth line, using the tick as a guide. An LHA Y computer was 
proposed for determining LHA °° at the time of each observation from a single 
LHA °° for a time near the start of each set of observations. When all lines of 
position were plotted, the fix would be transferred to the chart or plotting sheet. 

2124. Solution by sphere.—Solution of a spherical triangle directly on a spheri- 
cal surface, or by means of arcs representing great circles on the surface of an 
imaginary sphere, must have occurred to man quite early. Pictures of ancient 
navigators surrounded by their instruments and accessories invariably show a 
sphere. Solution by sphere is still suggested from time to time. Although this 
method is relatively simple and easy, the problem of scale is even more acute than 
in the graphical solutions. 

Spherical methods can be classified in three groups: (1) those which solve the 
navigational triangle for a single line of position, (2) those which solve two or more 
observations for a fix, and (3) those which combine observation and solution for a 
fix. 

The first group constructs the navigational triangle with arcs of great circles. 
Essentially, such a device consists of three arcs. The one representing the celestial 
meridian is usually fixed and a part of the frame. The base to which it is attached 
usually carries the azimuth scale. Movable arcs are provided for the vertical circle 
and the hour circle. If the latitude, meridian angle, and declination are properly 
set, the three arcs form the navigational triangle, and altitude and azimuth angle 
can be read from their scales. If altitude is used for constructing the triangle, 
meridian angle can be read from the instrument for a longitude solution. 
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Willis. A large number of teaching aids has been based upon this design or one 
of the many possible variations of it. Several precision instruments have been 
proposed or actually constructed. In 1932 such an instrument designed by Edward 
J. Willis, an American engineer, was constructed in Scotland. The marine version, 
weighing about 27 pounds, is graduated to 1’; and the aeronautical version, weigh- 
ing between seven and eight pounds, is graduated to 5’. The longest dimension of 
either version is 11 inches. 

Japanese Navy. During World War II, the Japanese Navy used an instrument 
virtually in the form described above. Results were accurate to approximately 1’. 

McMillen. Of the various methods of determining a fix by sphere, the most 
obvious is that of providing an actual sphere as a plotting surface, with provision 
for striking arcs equal to the zenith distances, using the geographical positions of 
the celestial bodies as centers. In 1943 such a method was proposed by D. A. 
McMillen, a United States businessman in Sao Paulo, Brazil. His sphere, of a little 
more than 14 inches in diameter, had a scale of 8° (480 nautical miles) per inch 
along a great circle. 

Hiltner. In 1945 Dr. W. F. Hiltner, a professor at Lehigh University, suggested 
a similar method using arcs of spheres and a billiard ball. This in effect, sets up two 
navigational triangles, locating the observer at the common zenith of both triangles. 
Simultaneous observations are needed. 

U. S. Navy Training Device Center. About the same time, the Training Device 
Center of the U. S. Navy prepared a device called the “Sphereman Craft Position- 
er,’ combining the functions of the devices of both McMillen and Hiltner, and 
providing a plotting surface for dead reckoning. A line of position from a single 
observation can be drawn on the 17-inch aluminum globe, or the triangle of position 
from the observation of three stars can be mechanically set up. Provision is made 
for advancement or retirement of lines due to motion of the craft. The device was 
intended for training purposes. 

Zerbee. In 1951 Louis J. Zerbee, of Bellfontaine, Ohio, proposed a device similar 
to that of Hiltner, but without the billiard ball. His instrument was called the 
“Zerbee Celestial Fix Finder.” Like the Hiltner device, that of Zerbee makes no 
provision for nonsimultaneous observations (unless one of them is corrected to the 
value it would have if observed simultaneously with the other) or for a check by 
observation of additional bodies. Observations of bodies near the meridian or taken 
from high latitudes cannot be accommodated. 

Combined sextant and computer. At least as early as 1895 an attempt was 
made to combine in a single instrument the functions of sextant and computer. 
Such instruments are fundamentally the same as those described above, except that 
they are set by alignment with one or more celestial bodies. If the instrument is 
level and accurately aligned with the meridian at the time of observation, the 
miniature sphere is oriented to the celestial sphere and the earth. If both the 
altitude and azimuth are used, a fix can be obtained by means of a single celestial 
body. If two bodies are observed simultaneously, accurate directional reference by 
compass is not needed. 

The weakness of such methods is the need for a stable platform and either 
accurate directional reference or the need for observing two bodies simultaneously. 

Beehler. In 1895 Lieutenant W. H. Beehler, USN, invented an instrument he 
called the “Solarometer,”’ which was designed to furnish a position from observation 
of the sun. It requires a heavy cast iron base rigidly attached to the ship, with a 
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bowl set in gimbals and filled with mercury. A float resting on the mercury carries 
the sighting instrument. 

Hagner. In 1936 Fred Hagner, of San Antonio, Tex., invented a similar instru- 
ment he called the ‘“Hagner Position Finder.” This is a portable instrument operat- 
ing on the same principle as the Solarometer, but obtaining the vertical by being 
hung from a suitable support, and therefore acting as a pendulum. This is reminis- 
cent of the ancient astrolabe (art. 124). 

Bedell. In 1953 A. L. Bedell, of St. Louis, Mo., proposed an instrument based 
upon simultaneous observation of two celestial bodies. The horizontal would be 
defined by spirit level. 

2125. Azimuth.—Most of the methods described above provide for determina- 
tion of both altitude and azimuth angle. Several provide only for altitude. The 
number of tables, diagrams, and devices providing solution for azimuth only is very 
great, approaching the number providing solution for both altitude and azimuth. 
The reason for this is that azimuth is needed for other purposes than sight reduc- 
tion. One common use is for checking the compass. Since modern inspection tables 
have provided parallel columns of computed altitude and azimuth or azimuth angle, 
separate azimuth tables have decreased in popularity. 

Azimuth can be determined by computation or by amplitudes (tab. 27, 28), as 
well as by azimuth table. The method of computation depends somewhat upon the 
information available. There are three general approaches: 

Time azimuth is the name given an azimuth or azimuth angle computed with 
meridian angle (a function of time), latitude, and polar distance (or declination) as 
the known quantities. 

Altitude azimuth is an azimuth or azimuth angle computed with altitude, 
latitude, and polar distance as the known quantities. 

Time and altitude azimuth is computed with meridian angle, declination, and 
altitude as the known quantities, the most common formula being 


sin Z—sin t cos d sec h. 


The weakness of this method is that it does not indicate whether the celestial 
body is north or south of the prime vertical. Usually there is no question on this 
point, but if Z is near 90°, the quadrant may be in doubt. If this occurs, either the 
meridian angle or altitude when on the prime vertical can be determined from 
table 25 or by computation, using the formula 


cos t=tan d cot L 
or sin h=sin d csc L. 


If the altitude is Jess, or the meridian angle is greater than the value when the body 
is on the prime vertical, the azimuth angle should be labeled N or S to agree with 
the latitude. If h is greater or t is less than when on the prime vertical, Z should be 
given the contrary name (N or S) to that of the latitude. 

Amplitudes. For checking the compass, a low altitude is desirable because it 
can be measured easiest and most accurately. If a celestial body is observed when 
its center is on the celestial horizon, the amplitude (art. 2029), which is the arc on 
the horizon between the prime vertical and the body, can be taken directly from 
table 27. 

2126. Azimuth tables are numerous. Originally, they were designed primarily 
for use in determining compass error. Since the sun was the celestial body custom- 
arily used for this purpose, most of the tables were designed with the sun in mind. 


640 COMPARISON OF VARIOUS METHODS OF SIGHT REDUCTION 


Meridian angle is commonly expressed in terms of local apparent time, in intervals 
varying from about one to 20 minutes. In many of the tables, meridian angle 
increases upward from the bottom of the page. 

The following are some of the principal azimuth tables: 

Wakeley. The first known azimuth tables for use of the navigator were The 
Regiment of the Pole Star by Andrew Wakeley. These tables were part of the 
author’s The Mariner’s Compass Rectified, published in London in 1665. These 
tables show the “‘true hour of the day” at which the sun is at the various points of 
the compass. 

Lynn Azimuth Tables, by Thomas Lynn (art. 2106), were published in 1829. 
This 364-page table gives azimuth angle computed by the haversine formula of 
article 2106. 

Towson and Atherton. The Tables to Facilitate the Practice of Great Circle 
Sailing, by the Englishmen John Thomas Towson and J. W. Atherton, were de- 
signed primarily for great-circle sailing, but since they indicate the course, they 
were easily adapted to finding azimuth angle. They were published in England in 
1847. 

Burdwood. The Tables of Sun’s True Bearing or Azimuth, by Staff Commander 
John Burdwood, RN, were first published in 1852, with additional parts being added 
in 1858, 1862, 1864, and 1866. Captain John E. Davis, RN, and Percy L. H. Davis, of 
the British Nautical Almanac Office, later added to the tables, making them com- 
plete for all values of altitude and for declination between 64°N and 64°S. These 
tables were standard in Great Britain for more than a century. They have now been 
largely replaced by H.D. 486 (Pub. No. 214) for mariners and A.P. 3270 (Pub. No. 
249) for aviators. Burdwood used modifications of the time azimuth formula. 

Labrosse. Azimuth tables by the Frenchman F. Labrosse were published in 
London in 1868, and later in Paris. In 275 pages this Table des Azimuts du Soleil 
covers latitudes from 61°N to 61°S, and declinations from 0° to 30°N or S. The 
following formula was used: 


tan d cos L 
COUlZ =\aecmpeaaaele Sin sla Counts 
sin t 


Fifteen editions had been published by 1920. 

Shortrede. In 1869 Captain Robert Shortrede’s Azimuth and Hour Angle for 
Latitude and Declination and Tables for Finding Azimuth at Sea were published in 
London. 

John E. Davis. The first azimuth tables by Captain John E. Davis were pub- 
lished in 1875. These were published as an extension of the Burdwood tables. 

Perrin. In Paris the Nouvelles Tables Destinées a Abreger les Calculs Nautiques, 
by Ensign de Vaisseau E. Perrin, French Navy, were published first in 1876. These 
consist of three tables of nine, seven, and six pages, respectively, providing elements 
for determination of azimuth by a short computation. Several editions were pub- 
lished. 

Kortazzi, a Russian, produced a volume appropriately called Modification des 
Tables d’Azimuth de Thomson (art. 2106). These were published in Paris in 1880. 

H.O. Pub. No. 66 (Schroeder and Wainwright), Arctic Azimuth Tables. Lieuten- 
ants Seaton Schroeder and Richard Wainwright, USN , prepared azimuth tables for 
use of the USS Rodgers in her search for the arctic steamer Jeanette. These were. 
published in 1881. Azimuths to the nearest 1’ are given for each 10™ meridian angle 
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between 4" and 75, for latitudes between 70° and 88°, declination 0° to 23°, same 
name. 

Decante. In 1882 Lieutenant de Vaisseau E. Decante, of the French Navy, 
prepared Table du Cadran Solaire Azimutal, which was published in 1904, in eight 
volumes for latitudes 1° to 66° and declinations 0° to 48°. 

Pub. No. 260 (Schroeder and Southerland). The Azimuths of the Sun were 
prepared in 1882 by Lieutenant Seaton Schroeder, USN, and Master W. H. H. 
Southerland, USN. These are popularly called ‘Red Azimuth Tables,” because of 
the red binding used for most printings. This designation distinguishes them from 
the “Blue Azimuth Tables” (Pub. No. 261). Azimuth angles are given to the nearest 
1’, at 10™ intervals of local apparent time from “sunrise” to “sunset” (middle of the 
sun on the celestial horizon), with the LAT and the azimuth angle of these phenom- 
ena given at the bottom of each column. A separate table is given for each 1° of 
latitude from 0° to 70°. The first part of the book is a table for latitude 0°. The 
second part is devoted to tables of latitude and declination “same name.” The third 
part gives “contrary name” tables. Declination entries are given at 1° intervals 
from 0° to 23°, with the approximate dates on which this is the declination of the 
sun. Extracts from these tables are given in volume II. Values are customarily 
taken by triple interpolation, using the right-hand “pm” LAT column as meridian 
angle. Pub. Nos. 260 and 261 are no longer published by DMAHTC. 

Blackburne. The New Zealand nautical almanac for 1883 carried the 177-page 
“A and B” azimuth tables, by H. S. Blackburne. By 1911, after several modifica- 
tions, these emerged as “A, B, C” Tables for Azimuth, Great Circle Sailing, and 
Reduction to the Meridian. The range of both the latitude and declination is from 
90°N to 90°S. 

Lecky. In 1892 Captain S. T. S. Lecky, an Englishman, modified the Blackburne 
tables and produced another set of “A, B, C’ tables which have been widely used. 

Ebsen. The Azimut-Tabellen of Julius Ebsen, published in Germany in 1896, 
uses the same formula as Labrosse, and is arranged like Pub. No. 260, except that 
azimuth angles are given to the nearest 0°1, and the time and azimuth angle of 
sunrise and ‘sunset are given at the top of the table, in place of the dates of Pub. 
No. 260. In two volumes, coverage is for latitudes 72°N to 72°S, and declinations 0° 
to 29°. Tables are for same name only, contrary-name situations being handled by 
using the supplement of meridian angle, and using the supplement of the value 
taken from the table, as in Pub. No. 261. 

Johnson. A Combined Time and Altitude Azimuth Table for latitudes and 
declinations from 0° to 80°, by A. C. Johnson of the British Royal Navy, was 
published in London in 1900. In the same year, his Short, Accurate, and Comprehen- 
sive Altitude-Azimuth Tables were published. This publication consists of three 
tables for computation of azimuth for each degree of latitude and altitude from 0° 
to 75°, and each degree of declination from 30°N to 30°S. 

Zhdanko. The Russian Tables of Azimuth of the Sun, by M. Zhdanko, published 
in 1900, supplied computed azimuth angles for latitudes between 61° and 75°. These 
were later expanded by Yustchenko. 

Percy L. H. Davis. In 1900 Percy L. H. Davis took over the work previously 
done by Burdwood and John E. Davis, continuing to improve and extend the tables. 

Pub. No. 261, Azimuths of Celestial Bodies, published by the U.S. Navy Hydro- 
graphic Office in 1902, extend the Pub. No. 260 tables by providing information in 
similar form (but with meridian angle increasing downward on the page) for decli- 
nations 24° to 70°. These are popularly called “Blue Azimuth Tables,” from their 
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blue binding. Tables for “same name” only are given. If latitude and declination are 
of contrary name, the tables are entered with the supplement of the meridian 
angle. The value taken from the table is then the supplement of the azimuth angle, 
which is labeled N or S to agree with the latitude and E or W to agree with the 
meridian angle. Pub. No. 261 is no longer published by DMAHTC. 

Symonds. The Nautical Astronomy, with New Tables, by W. P. Symonds, Brit- 
ish Survey Commissioner, Bombay, includes azimuth tables. It was published in 
19123 

Goodwin. An Equatorial Azimuth-Table, by H. B. Goodwin, was published in 
1921; 

Purey-Cust. Azimuth by Logs, by Admiral Sir H. E. Purey-Cust, RN, was 
published in England in 1929. It consists of a three-page table of the logarithms of 
the six principal trigonometric functions at 10’ intervals (5’ below 10°) for solution 
of the time azimuth and altitude azimuth formulas. 

Yustchenko. In 1935 A. Yustchenko, a Russian, extended the Zhdanko tables to 
all latitudes, in the work entitled Azimuty Svetil (Azimuths of Celestial Bodies). For 
each 10° of latitude (5°, 15°, 25°, etc., to 85°) complete azimuth tables (to the nearest 
0°1) are given for each 1™ of meridian angle and each 30’ of declination from 0° to 
30°. At the bottom of each page are given corrections for 1° of latitude. This value is 
multiplied by the number of degrees between the actual latitude and the latitude 
for which the table was computed. 

Cugle. Cugle’s Two-Minute Azimuths, by Charles H. Cugle, were printed in 1935 
in two large volumes. Coverage is for latitude 0° to 65° and declination 0° to 23°. 
The arrangement is almost identical with that of Pub. No. 260, except that meridi- 
an angle increases downward on the page. The number of entries is multiplied by 
five, values being given for each 2™ of meridian angle. 

Table 902. Azimuts, published in Paris in 1953, with the concurrence of the 
Marine Hydrographic Service, contains azimuth angles to the nearest 0°1 for each 
whole degree of latitude from 70°N to 70°S, each whole degree of declination from 
0° to 30°, and each 10™ of meridian angle. The arrangement is similar to that of 
Pub. No. 260, except that meridian angle increases downward on the page. 

2127. Azimuth diagrams have appeared in various forms, in addition to the 
general graphical and mechanical solutions discussed above. A graphical solution is 
generally more acceptable for azimuth than for altitude, because the accuracy 
requirement for azimuth is usually less. 

Godfrey. A graphical solution has been available at least since 1858 when the 
Time Azimuth Diagram of Hugh Godfrey was published in London. 

Weir. The Azimuth Diagram devised by Captain Patrick Weir, of the British 
Merchant Navy, was published in London in 1890, and by the U.S. Navy Hydro- 
graphic Office in 1891, under the title Time Azimuth Diagram. 

Molfino. In 1901 the Nomograma degli Azimut del Sole of Molfino was pub- 
lished. 

Constan. In 1906 P. Constan’s Tables Graphiques d’Azimut were published in 
Paris. This was a reproduction of the graph of Favé and Rollet de J’Isle (art. 2120). 

Alessio. The Diagrammi Altazimutali of A. Alessio was published in 1908 in 
Italy. 

Rust. In 1908 the diagram of Lieutenant Commander Armistead Rust, USN, 
(art. 2106) was published. This diagram was later used by Goodwin (art. 2106) and 
Weems (arts. 2106 and 2110), and in the Italian Tavole H (art. 2110). 

Cornet. The Graphique d’Azimut of Cornet was published in 1927. 
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Romanovsky. About 1933 A. A. Romanovsky, a Russian, devised a simple 
nomogram for determining azimuth. 

German Oberkommandos der Kriegsmarine. A large volume called Azimutdia- 
gramme, containing sets of diagrams for each whole degree of latitude (2° beyond 
80°) for all azimuth angles and for all altitudes to 80°, was published by the German 
Oberkommandos der Kriegsmarine in 1944. 

Hugon. The azimuth diagram of Professor P. Hugon (art. 2109) was published 
in 1947. 

Hilsenrath. About 1948 Joseph Hilsenrath, of the University of Maryland, 
produced a mechanical device for solving azimuth angle by the method of Weir’s 
diagram. 

2128. Summary.—The methods of sight reduction discussed in this chapter are 
undoubtedly only a small fraction of the number of methods that have been pro- 
posed. They are considered representative of the effort that has been made to 
reduce the work of the navigator. Individual preferences have largely dictated the 
use of the various methods. Presentation and description of a method have been 
important factors in the relative popularity of various methods. 

There is no single “best” method for all circumstances and all navigators. The 
one which produces the desired results easiest and with least possibility of mistake 
is the one that should be selected. However, two practical precautions should be 
observed. First, one should be thoroughly familiar with the limitations or weakness- 
es of the method he selects. Second, a prudent navigator will never limit himself to 
a single method, particularly one requiring a special table that might some day be 
unavailable, or a device that is subject to mechanical damage or loss. The slight 
bending of an arc might be too insignificant to be noticed, yet might introduce 
intolerably large errors in the result. A wise practice is to memorize, or write on 
something always carried, fundamental formulas that can be used when no “spe- 
cial’ tables are available. 


CHAPTER XXII 


IDENTIFICATION OF CELESTIAL BODIES 


2201. Introduction.—A basic requirement of celestial navigation is the ability 
to identify the bodies observed. This is not difficult because relatively few celestial 
bodies are commonly used for navigation, and various aids are available to assist in 
their identification, as explained in this chapter. 

Many navigators consider it a matter of professional pride to have a more 
extensive acquaintance with the heavens than required by the relatively simple 
demands of navigation. 

2202. Bodies of the solar system.—No problem is encountered in the identifica- 
tion of the sun and moon. However, the planets can be mistaken for stars. A person 
working continually with the night sky recognizes a planet by its changing position 
among the relatively fixed stars. He identifies the planets by noting their positions 
relative to each other, the sun, the moon, and the stars. He knows that they remain 
within the narrow limits of the zodiac (art. 1420) but are in almost constant motion 
relative to the stars. The magnitude and color may be helpful. The information he 
needs is found in the Nautical Almanac. The “Planet Notes” near the front of that 
volume are particularly useful. 

Sometimes the light from a planet seems steadier than that from a star. This is 
because fluctuation of the unsteady atmosphere causes scintillation or twinkling of 
a star, which has no measurable diameter with even the most powerful telescopes. 
The navigational planets are less susceptible to the twinkling because of the broad- 
er apparent area giving light. 

Planets can also be identified by planet diagram (art. 2209), star finder (art. 
2210), sky diagram (art. 2212), or by computation (art. 2213). 

2203. Stars.—The average navigator regularly uses not more than perhaps 20 
or 30 stars. The Nautical Almanac gives full navigational information on 19 first 
magnitude stars and 38 second magnitude stars, in addition to Polaris. Abbreviated 
information is given for 115 more. Additional stars are listed in The Astronomical 
Almanac and in various star catalogs. About 6,000 stars of the sixth magnitude or 
brighter (on the entire celestial sphere) are visible to the unaided eye on a clear, 
dark night. 

Stars are designated by one or more of the following: 

Name. Most names of stars, as now used, were given by the ancient Arabs and 
some by the Greeks or Romans. One of the stars of the Nautical Almanac, Nunki, 
was named by the Babylonians. Only a relatively few stars have names. Several of 
the stars on the daily pages of the almanacs had no name prior to the 1953 edition, 
and were given coined names so that all stars listed on the daily pages might have 
names. The pronunciation, meaning, and other information of general interest 
regarding Polaris and the 57 stars listed on the daily pages of the Nautical Alma- 
nac are given in appendix J. 

Bayer’s name. Most bright stars, including those with names, have been given 
a designation consisting of a Greek letter followed by the possessive form of the 
name of the constellation, as a Cygni (Deneb, the brightest star in the constellation 
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Cygnus, the swan). Roman letters are used when there are not enough Greek 
letters. Usually, the letters are assigned in order of brightness within the constella- 
tion, but in some cases the letters are assigned in another order, where it seems 
logical to do so. An example is the Big Dipper, where the letters are assigned in 
order from the outer rim of the bowl to the end of the handle. This system of star 
designation was suggested by John Bayer of Augsburg, Germany, in 1603. All of the 
173 stars included in the list near the back of the Nautical Almanac are given by 
Bayer’s name as well as regular name, where there is one. 

Flamsteed’s number. A similar system, accommodating more stars, numbers 
them in each constellation, from west to east, the order in which they cross the 
celestial meridian. An example is 95 Leonis, the 95th star in the constellation Leo, 
the lion. This system was suggested by John Flamsteed (1646-1719), who was the 
first British Astronomer Royal. 

Catalog number. Stars are sometimes designated by the name of a star catalog 
and the number of the star as given in that catalog, as A. G. Washington 632. In 
these catalogs stars are listed in order from west to east, without regard to constel- 
lation, starting with the hour circle of the vernal equinox. This system is used 
primarily for dimmer stars having no other designation. Navigators seldom have 
occasion to use this system. 

The ability to identify stars by position relative to each other is useful to the 
navigator. A tabulation of the relative positions of the 57 stars given on the daily 
pages of the Nautical Almanac, and Polaris, is given in appendix I. A star chart 
(fig. 2204) is helpful in locating these relationships and others which may be useful. 
This method is limited to periods of relatively clear, dark skies with little or no 
overcast. Stars can also be identified by the Air Almanac sky diagram (art. 2212), 
star finder (art. 2210), Pub. No. 249 (art. 2211), or by computation (art. 2213). 

2204. Star charts are based upon the celestial equator system of coordinates, 
using declination and sidereal hour angle (or right ascension). The zenith of the 
observer is at the intersection of the parallel of declination equal to his latitude, 
and the hour circle coinciding with his celestial meridian. This hour circle has an 
SHA equal to 360°—LHA Y (or RA=LHA °°). The horizon is everywhere 90° from 
the zenith. A star globe is similar to a terrestrial sphere, but with stars (and often 
constellations) shown instead of geographical positions. Star globes are used by 
British navigators, but not customarily by Americans. The Nautical Almanac in- 
cludes adequate instructions for using this device. On a star globe the celestial 
sphere is shown as it would appear to an observer outside the sphere. Constellations 
appear reversed. Star charts may show a similar view, but more often they are 
based upon the view from inside the sphere, as seen from the earth. On these 
charts, north is at the top, as with maps, but east is to the left and west to the 
right. The directions seem correct when the chart is held overhead, with the top 
toward the north, so that the relationship is similar to that in the sky. Any map 
projection (ch. II) can be used, but some are more suitable than others. 

The Nautical Almanac has four star charts. The two principal ones are on the 
polar azimuthal equidistant projection (art. 320), one centered on each celestial pole. 
Each chart extends from its pole to declination 10° (same name as pole). Below each 
polar chart is an auxiliary chart on the Mercator projection, from 30°N to 30°S. On 
any of these charts, the zenith can be located as indicated above, to determine 
which stars are overhead. The horizon is 90° from the zenith. The charts can also be 
used to determine the location of a star relative to surrounding stars. The Air 
Almanac has a fold-in chart near the back, on the rectangular projection (art. 311). 
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This projection is suitable for indicating the coordinates of the stars, but excessive 
distortion occurs in regions of high declination. The celestial poles are represented 
by the top and bottom horizontal lines the same length as the celestial equator. To 
locate the horizon on this chart, first locate the zenith as indicated above, and then 
locate the four cardinal points. The north and south points are 90° from the zenith, 
along the celestial meridian. The distance to the elevated pole (having the same 
name as the latitude) is equal to the colatitude of the observer. The remainder of 
the 90° (the latitude) is measured from the same pole, along the lower branch of the 
celestial meridian, 180° from the upper branch containing the zenith. The east and 
west points are on the celestial equator at the hour circle 90° east and west (or 90° 
and 270° in the same direction) from the celestial meridian. The horizon is a sine 
curve (fig. 140b, vol. II) through the four cardinal points. Directions on this projec- 
tion are distorted. 

The star charts shown in figures 2205-2208, on the transverse Mercator projec- 
tion (art. 309), are designed to assist one in learning the stars listed on the daily 
pages of the Nautical Almanac, and Polaris. Each chart extends about 20° beyond 
each celestial pole, and about 60° (four hours) each side of the central hour circle (at 
the celestial equator). Therefore, they do not coincide exactly with that half of the 
celestial sphere above the horizon at any one time or place. The zenith, and hence 
the horizon, varies with the position of the observer on the earth, and also with the 
rotation of the earth (apparent rotation of the celestial sphere). The charts show all 
stars of fifth magnitude and brighter as they appear in the sky, but with some 
distortion toward the right and left edges. 

The overprinted lines add certain information of use in locating the stars. Only 
Polaris and the 57 stars listed on the daily pages of the Nautical Almanac are 
named on the charts. The almanac star charts should be used for locating the 
additional stars given near the back of the Nautical Almanac and the Air Almanac. 
The broken lines connect stars of some of the more prominent constellations. The 
solid lines indicate the celestial equator and certain useful relationships among 
stars in different constellations. The celestial poles are marked by crosses, and 
labeled. By means of the celestial equator and the poles, one can locate his zenith 
approximately along the mid hour circle, when this coincides with his celestial 
meridian, as shown in the table below. At any time earlier than those shown in the 
table the zenith is to the right of center, and at a later time it is to the left, 
approximately one-quarter of the distance from the center to the outer edge (at the 
celestial equator) for each hour that the time differs from that shown. The stars in 
the vicinity of the North Pole can be seen in proper perspective by inverting the 
chart, so that the zenith of an observer in the Northern Hemisphere is up from the 


pole. 
Fig. 2205 Fig. 2206 = Fig. 2207 ~— Fig. 2208 


Local sidereal time 0000 0600 1200 1800 

LMT 1800 Dec. 21 Mar. 22 June22 Sept. 21 
LMT 2000 Nov. 21. Feb. 20 May 22 Aug. 21 
LMT 2200 Oct. 21 Jan. 20 Apr. 22 July 22 
LMT 0000 Sept. 22 Dec. 22 Mar. 23. = June 22 
LMT 0200 Aug. 22 Nov. 22 Feb. 21 May 23 
LMT 0400 July 23 Oct. 22 Jan. 21 Apr. 22 
LMT 0600 June 22. ~~ Sept. 21 Dec. 22 Mar. 23 


2205. Stars in the vicinity of Pegasus (fig. 2205).—In autumn the evening sky 
has few first magnitude stars. Most of these are near the southern horizon of an 
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observer in the latitudes of the United States. A relatively large number of second 
and third magnitude stars seem conspicuous, perhaps because of the small number 
of brighter stars. High in the southern sky three third magnitude stars and one 
second magnitude star form a square with sides nearly 15° of arc in length. This is 
Pegasus, the winged horse, although to many modern men it more nearly resembles 
a baseball diamond, complete with catcher, pitcher, batter, umpire, base umpire 
near second base, infield and outfield; although there does seem to be a large 
number of outfielders. One may even see the next batter, bat boy, and coach. 

Only Markab at the southwestern corner (third base) and Alpheratz at the 
northeastern corner (first base) are listed on the daily pages of the Nautical Alma- 
nac. Alpheratz is part of the constellation Andromeda, the princess, extending in an 
arc toward the northeast and terminating at Mirfak in Perseus, legendary rescuer 
of Andromeda. 

A line extending northward through the eastern side (first-second base line) of 
the square of Pegasus passes through the leading (western) star of M-shaped (or W- 
shaped) Cassiopeia, the legendary mother of the princess Andromeda. The only star 
of this constellation listed on the daily pages of the Nautical Almanac is Schedar, 
the second star from the leading one as the configuration circles the pole in a 
counterclockwise direction. If the line through the eastern side of the square of 
Pegasus is continued on toward the north, it leads to second magnitude Polaris, the 
North Star (less than 1° from the north celestial pole) and brightest star of Ursa 
Minor, the Little Bear. Kochab, a second magnitude star at the other end of the 
Little Dipper, is also listed in the almanacs. At this season the Big Dipper is low in 
the northern sky, below the celestial pole. A line extending from Kochab through 
Polaris leads to Mirfak, assisting in its identification when Pegasus and Andromeda 
are near or below the horizon. 

Deneb, in Cygnus, the swan, and Vega are bright, first magnitude stars in the 
northwestern sky. They are discussed in article 2208. Capella, a bright star in the 
northeastern sky, is discussed in article 2206. 

The line through the eastern side of the square of Pegasus (first-second base 
line) approximates the hour circle of the vernal equinox, shown at Y on the 
celestial equator to the south. The sun is at Y on or about March 21, when it 
crosses the celestial equator from south to north. If the line through the eastern 
side of Pegasus is extended southward and curved slightly toward the east, it leads 
to second magnitude Diphda. A longer and straighter line southward through the 
western side (home plate-third base line) of Pegasus leads to first magnitude Fomal- 
haut. A line extending northeasterly from Fomalhaut through Diphda leads to 
Menkar, a third magnitude star, but the brightest in its vicinity. Ankaa, Diphda, 
and Fomalhaut form an isosceles triangle, with the apex at Diphda. Ankaa is near 
or below the southern horizon of observers in latitudes of the United States. Four 
stars farther south than Ankaa may be visible when on the celestial meridian, just 
above the horizon of observers in latitudes of the extreme southern part of the 
United States. These are Acamar, Achernar, Al Na’ir, and Peacock. These stars, 
with each other and with Ankaa, Fomalhaut, and Diphda, form a series of triangles 
as shown in figure 2205. Almanac stars near the bottom of figure 2205 are discussed 
in succeeding articles. 

Two other almanac stars can be located by their positions relative to Pegasus. 
These are Hamal in the constellation Aries, the ram, east of Pegasus, and Enif, west 
of the southern part of the square, identified as shown in figure 2205. The line 
leading to Hamal, if continued, leads to the Pleiades, not used by navigators for 


IDENTIFICATION OF CELESTIAL BODIES 


Kochat 


ek 


° wre 
* 
North Pole Boh “URSA HINGE. 


. we e . wEltanin 
a Polaris 
e 
e 


Sf 


He Carella 


Elnath 
k * 
* AURIGA 


CASSIOPEIA 
a 


+e ae a 


\ - 
We eerie * : > pe edet ae ¥, 


e 3s 
ANDROMEDA 4K 
ye XN. 
erase * 


ae See 


“Sst 
PLEIADES 


| 
t 
aes A 
—s . } PEGASUS 
e 


2 A el |,Equator nl 
* 
aN 


a 


|. 


Acamar ye 


/ aes g 
e * * / eee ° 
PXolitsiaerla an 
Re * 
is — 
s a 


Pea cock 


Raus Australis WE 


Canopus é * x 
+ - rf: se 


* 


satin 


Adhara 
* 
* 


Scale of magnitudes: . 1st FE ond MH 3H 4th e 5th. 


Ficure 2205.—Stars in the vicinity of Pegasus. 


650 IDENTIFICATION OF CELESTIAL BODIES 


celestial observations, but a prominent figure in the sky, heralding the approach of 
the many conspicuous stars of the winter evening sky, figure 2206. 

2206. Stars in the vicinity of Orion (fig. 2206).—As Pegasus leaves the meridi- 
an and moves into the western sky, Orion, the mighty hunter, rises in the east. 
With the possible exception of the Big Dipper, no other configuration of stars in the 
entire sky is as well known as Orion and its immediate surroundings. In no other 
part are there so many first magnitude stars. 

The belt of Orion, being nearly on the celestial equator, is visible by an 
observer in virtually any latitude, rising and setting almost on the prime vertical, 
and dividing equally its time above and below the horizon. Of the three second 
magnitude stars forming the belt, only Alnilam, the middle one, is listed on the 
daily pages of the Nautical Almanac. 

Four conspicuous stars form a box around the belt. To the south is Rigel, one of 
the hottest and bluest of the stars, in contrast with relatively cool, red, variable 
Betelgeuse, at approximately an equal distance to the north. Bellatrix, bright for a 
second magnitude star but overshadowed by its more brilliant neighbors, is a few 
degrees west of Betelgeuse. Neither the second magnitude star forming the south- 
eastern corner of the box, nor any star of the dagger, is listed on the daily pages of 
the Nautical Almanac. 

A line extending eastward from the belt of Orion and curving toward the south 
leads to Sirius, the brightest star in the entire heavens, having a magnitude of (—) 
1.6. Only Mars and Jupiter at or near their greatest brilliance, and the sun, moon, 
and Venus are brighter than Sirius. This is part of the constellation Canis Major, 
the large hunting dog of Orion. Starting at Sirius a curved line extends northward 
through first magnitude Procyon, in Canis Minor, the small hunting dog; first 
magnitude Pollux and second magnitude Castor (not listed on the daily pages of the 
Nautical Almanac), the twins of Gemini; brilliant Capella in Auriga, the charioteer; 
and back down to first magnitude Aldebaran, the follower, which trails the Pleia- 
des, the seven sisters. Aldebaran, brightest star in the head of Taurus, the bull, may 
also be found by a curved line extending northwestward from the belt of Orion. The 
V-shaped figure forming the outline of the head and horns of Taurus points toward 
third magnitude Menkar. At the summer solstice the sun is between Pollux and 
Aldebaran. 

If the curved line from Orion’s belt southeastward to Sirius is continued, it 
leads to a conspicuous, small, nearly equilateral triangle of three bright second 
magnitude stars of nearly equal brilliancy. This is part of Canis Major. Only 
Adhara, the westernmost of the three stars, is listed on the daily pages of the 
Nautical Almanac. Continuing on with somewhat less curvature, the line leads to 
Canopus, second brightest star in the heavens and one of the two stars having a 
negative magnitude (—0.9). With Suhail and Miaplacidus, Canopus forms a large, 
equilateral triangle which partly encloses the false Southern Cross. The brightest 
star within this triangle is Avior, near its center. Canopus is also at one apex of a 
triangle formed with Adhara to the north and Suhail to the east, another triangle 
with Acamar to the west and Achernar to the southwest, and another with Acher- 
nar and Miaplacidus. Acamar, Achernar, and Ankaa form still another triangle 
toward the west. Because of chart distortion, these triangles do not appear in the 
sky in exactly the relationship shown on the star chart. Other daily-page almanac 
stars near the bottom of figure 2206 are discussed in succeeding articles. 

During the winter evening sky the Big Dipper is east of Polaris, the Little _ 
Dipper is nearly below it, and Cassiopeia is west of it. Mirfak is northwest of 
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Capella, nearly midway between it and Cassiopeia. Hamal is in the western sky. 
Regulus and Alphard are low in the eastern sky, heralding the approach of the 
configurations associated with the evening skies of spring. 

2207. Stars in the vicinity of Ursa Major (fig. 2207).—As if to enhance the 
splendor of the sky in the vicinity of Orion, the region toward the east, like that 
toward the west, has few bright stars, except in the vicinity of the south celestial 
pole. However, as Orion sets in the west, leaving Capella and Pollux in the north- 
western sky, a number of good navigational stars move into favorable positions for 
observation. 

The Big Dipper, part of Ursa Major, the great bear, appears prominently above 
the north celestial pole, directly opposite Cassiopeia (only partly shown in fig. 2207), 
which appears as a W just above the northern horizon of most observers in latitudes 
of the United States. Of the seven stars forming the Big Dipper, only Dubhe, Alioth, 
and Alkaid are listed on the daily pages of the Nautical Almanac. 

The two second magnitude stars forming the outer part of the bowl of the Big 
Dipper are often called the pointers because a line extending northward (down in 
spring evenings) through them points to Polaris. The Little Dipper, with Polaris at 
one end and Kochab at the other, is part of Ursa Minor, the Little Bear. Relative to 
its bowl, the handle of the Little Dipper curves in the opposite direction to that of 
the Big Dipper. Other almanac stars near the top of figure 2207 are discussed 
elsewhere. 

A line extending southward through the pointers, and curving somewhat 
toward the west, leads to first magnitude Regulus, brightest star in Leo, the lion. 
The head, shoulders, and front legs of this constellation form a sickle, with Regulus 
at the end of the handle. Toward the east is second magnitude Denebola, the tail of 
the lion. On toward the southwest from Regulus is second magnitude Alphard, 
brightest star in Hydra, the sea serpent. A dark sky and considerable imagination 
are needed to trace the long, winding body of this figure. 

A curved line extending the arc of the handle of the Big Dipper leads to first 
magnitude Arcturus. With Alkaid and Alphecca, brightest star in Corona Borealis, 
the Northern Crown, Arcturus forms a large, inconspicuous triangle. If the arc 
through Arcturus is continued, it leads next to first magnitude Spica and then to 
Corvus, the crow, which appears most like a gaff mainsail of a schooner. The 
brightest star in this constellation is Gienah, but three others are nearly as bright. 
At autumnal equinox the sun is on the celestial equator, about midway between 
Regulus and Spica. 

A long, slightly curved line from Regulus east-southeasterly through Spica 
leads to Zubenelgenubi (z00-bén’él-jé-nu'be) at the southwestern corner of an incon- 
spicuous box-like figure called Libra, the (weighing) scales. 

Returning to Corvus, a line from Gienah, extending diagonally across the figure 
and then curving somewhat toward the east, leads to Menkent, just beyond Hydra. 

Far to the south, below the horizon of most northern hemisphere observers, a 
group of bright stars is a prominent feature of the spring sky of the Southern 
Hemisphere. Crux, the Southern Cross, is about 40° south of Corvus. This is a small 
figure and a poor cross, and hence disappointing to many who view it for the first 
time. The “false cross” to the west is a better but less conspicuous cross. Acrux at 
the southern end of the Southern Cross, and Gacrux at the northern end, are listed 
on the daily pages of the Nautical Almanac. 

The triangles formed by Suhail, Miaplacidus, and Canopus, and by Suhail, 
Adhara, and Canopus, are west of the Southern Cross, Suhail being in line with the 
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horizontal arm of the Southern Cross at this time. A line from Canopus, through 
Miaplacidus, curved slightly toward the north, leads to Acrux. A line through the 
east-west arm of Crux, eastward, and then curving toward the south, leads first to 
Hadar and then to Rigil Kentaurus, two very bright stars. Continuing on, the 
curved line leads to small Triangulum Australe, the Southern Triangle, the eastern- 
most star of which is Atria. 

Scorpius, the scorpion, Kaus Australis, and Peacock, in the southeastern sky of 
the Southern Hemisphere, are discussed in article 2208. 

2208. Stars in the vicinity of Cygnus (fig. 2208)—As the celestial sphere 
continues in its apparent westward rotation, the stars familiar to a spring evening 
observer sink low in the western sky. By midsummer the Big Dipper has moved to a 
position to the left of the north celestial pole, and the line from the pointers to 
Polaris is nearly horizontal. The Little Dipper is standing on its handle, with 
Kochab above and to the left of the celestial pole. Cassiopeia is at the right of 
Polaris, opposite the handle of the Big Dipper. 

The only first magnitude star in the western sky is Arcturus, which forms a 
large, inconspicuous triangle with Alkaid, the end of the handle of the Big Dipper, 
and Alphecca, the brightest star in Corona Borealis, the Northern Crown. 

The eastern sky is dominated by three very bright stars. The westernmost of 
these is Vega, the brightest star north of the celestial equator, and third brightest 
star in the heavens. Its magnitude is 0.1. Having a declination of a little less than 
39°N, this star passes through the zenith along a path across the central part of the 
United States, from Washington in the east to San Francisco on the Pacific coast. 
Vega forms a large but conspicuous triangle with its two bright neighbors, Deneb to 
the northeast and Altair to the southeast. The angle at Vega is nearly a right 
angle. Deneb is at the end of the tail of Cygnus, the swan. This configuration is 
sometimes called the Northern Cross, with Deneb at the head. To modern youth it 
more nearly resembles a dive bomber while it is still well toward the east, with 
Deneb at the nose of the fuselage. Altair has two fainter stars close by, on opposite 
sides. The line formed by Altair and its two fainter companions, if extended in a 
northwesterly direction, passes through Vega, and on to second magnitude Eltanin. 
The angular distance from Vega to Eltanin is about half that from Altair to Vega. 
Vega and Altair, with second magnitude Rasalhague to the west, form a large 
equilateral triangle. This is less conspicuous than the Vega-Deneb-Altair triangle 
because the brilliance of Rasalhague is much less than that of the three first 
magnitude stars, and the triangle is overshadowed by the brighter one. 

Far to the south of Rasalhague, and a little toward the west, is a striking 
configuration called Scorpius, the scorpion. The brightest star, forming the head, is 
red Antares. At the tail is Shaula. 

Antares is at the southwestern corner of an approximate parallelogram formed 
by Antares, Sabik, Nunki, and Kaus Australis. With the exception of Antares, these 
stars are only slightly brighter than a number of others nearby, and so this 
parallelogram is not a striking figure. At winter solstice the sun is a short distance 
northwest of Nunki. 

Northwest of Scorpius is the box-like Libra, the (weighing) scales, in which 
Zubenelgenubi marks the southwest corner. 

With Menkent and Rigil Kentaurus to the southwest, Antares forms a large 
but unimpressive triangle. For most observers in the latitudes of the United States, - 
Antares is low in the southern sky, and the other two stars of the triangle are 
below the horizon. To an observer in the Southern Hemisphere Crux, the Southern 
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Cross, is to the right of the south celestial pole, which is not marked by a conspicu- 
ous star. A long, curved line starting with the now-vertical arm of the Southern 
Cross and extending northward and then eastward passes successively through 
Hadar, Rigil Kentaurus, Peacock, and Al Na’ir. 

Fomalhaut is low in the southeastern sky of the southern hemisphere observer, 
and Enif is low in the eastern sky at nearly any latitude. With the appearance of 
these stars it is not long before Pegasus will appear over the eastern horizon during 
the evening, and as the winged horse climbs evening by evening to a position higher 
in the sky, a new annual cycle approaches. 

2209. Planet diagram.—The planet diagram in the Nautical Almanac shows, in 
graphical form for any date during the year, the LMT of meridian passage of the 
sun, of the five planets Mercury, Venus, Mars, Jupiter, and Saturn, and of each 30° 
of SHA. The diagram provides a general picture of the availability of planets and 
stars for observation, and thus the following information: 

1. whether a planet or star is too close to the sun for observation; 

2. whether a planet is a morning or evening star; 

3. some indication of the planet’s position during twilight; 

4. the proximity of other planets; and 

5. whether a planet is visible from evening to morning twilight. 

A band 45™ wide is shaded on each side of the curve marking the LMT of 
meridian passage of the sun. Any planet and most stars lying within the shaded 
area are too close to the sun for observation. 

When the meridian passage occurs at midnight, the body is in opposition (art. 
1422) to the sun and is visible all night; planets may be observable in both morning 
and evening twilights. As the time of meridian passage decreases, the body ceases to 
be observable in the morning, but its altitude above the eastern horizon during 
evening twilight gradually increases; this continues until the body is on the meridi- 
an at twilight. From then onwards the body is observable above the western horizon 
and its altitude at evening twilight gradually decreases; eventually the body comes 
too close to the sun for observation. When the body again becomes visible, it is seen 
as a morning star low in the east; its altitude at twilight increases until meridian 
passage occurs at the time of morning twilight. Then, as the time of meridian 
passage decreases to 0", the body is observable in the west in the morning twilight 
with a gradually decreasing altitude, until it once again reaches opposition. 

Only about one half the region of the sky along the ecliptic as shown on the 
diagram is above the horizon at one time. At sunrise (LMT about 6") the sun and, 
hence, the region near the middle of the diagram are rising in the east; the region 
at the bottom of the diagram is setting in the west. The region half way between is 
on the meridian. At sunset (LMT about 18") the sun is setting in the west; the 
region at the top of the diagram is rising in the east. Marking the planet diagram 
of the Nautical Almanac so that east is at the top of the diagram and west is at the 
bottom can be useful to interpretation. 

If the curve for a planet intersects the vertical line connecting the date gradua- 
tions below the shaded area, the planet is a morning star; if the intersection is 
above the shaded area, the planet is an evening star. 

A similar planet location diagram in the Air Almanac represents the region of 
the sky along the ecliptic within which the sun, moon, and planets always move; it 
shows, for each date, the sun in the center and the relative positions of the moon, 
the five planets Mercury, Venus, Mars, Jupiter, Saturn and the four first magni- 
tude stars Aldebaran, Antares, Spica, and Regulus, and also the position on the 
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ecliptic which is north of Sirius (i.e. Sirius is 40° south of this point). The first point 
of Aries is also shown for reference. The magnitudes of the planets are given at 
suitable intervals along the curves. The moon symbol shows the correct phase. A 
straight line joining the date on the left-hand side with the same date of the right- 
hand side represents a complete circle around the sky, the two ends of the line 
representing the point 180° from the sun; the intersections with the curves show 
the spacing of the bodies along the ecliptic on the date. The time scale indicates 
very approximately the local mean time at which an object will be on the observer’s 
meridian. 

At any time only about half the region on the diagram is above the horizon. At 
sunrise the sun (and hence the region near the middle of the diagram) is rising in 
the east and the region at the end marked “West” is setting in the west; the region 
half-way between these extremes is on the meridian, as will be indicated by the 
local time (about 6"). At the time of sunset (local time about 18") the sun is setting 
in the west, and the region at the end marked “East” is rising in the east. 

The diagram should be used in conjunction with the Sky Diagrams. 

2210. Star finders.—Various devices have been invented to help an observer 
locate and identify individual stars. The most widely used is the Star Finder and 
Identifier formerly published by the U. S. Navy Hydrographic Office and now 
published commercially. The current model, No. 2102-D, as well as the previous 
2102-C model patented by E. B. Collins, employs the same basic principle as that 
used in the Rude Star Finder, which was patented by Captain G. T. Rude, USC&GS, 
and later sold to the Hydrographic Office. Successive models reflect various modifi- 
cations to meet changing conditions and requirements. 

The star base of No. 2102-D consists of a thin, white, opaque, plastic disk about 
8% inches in diameter, with a small peg in the center. On one side the north 
celestial pole is shown at the center, and on the opposite side the south celestial 
pole is at the center. All of the stars listed on the daily pages of the Nautical 
Almanac are shown on a polar azimuthal equidistant projection (art. 320) extending 
to the opposite pole. The south pole side is shown in figure 2210a. Many copies of an 
older edition, No. 2102-C, showing the stars listed in the almanacs prior to 1953, 
and having other minor differences, are still in use. These are not rendered obsolete 
by the newer edition, but should be corrected by means of the current almanac. The 
rim of each side is graduated to half a degree of LHA ? (or 860° —SHA). 

Ten transparent templates of the same diameter as the star base are provided. 
There is one template for each 10° of latitude, labeled 5°, 15°, 25°, etc., plus a 10th 
(printed in red) showing meridian angle and declination. The older edition (No. 
2102-C) did not have the red meridian angle-declination template. Each template 
can be used on either side of the star base, being centered by placing a small center 
hole in the template over the center peg of the star base. Each latitude template 
has a family of altitude curves at 5° intervals from the horizon (from altitude 10° on 
the older No. 2102-C) to 80°. A second family of curves, also at 5° intervals, 
indicates azimuth. The north-south azimuth line is the celestial meridian. The star 
base, templates, and a set of instructions are housed in a circular leatherette 
container. 

Since the sun, moon, and planets continually change apparent position relative 
to the “fixed” stars, they are not shown on the star base. However, their positions 
at anytime, as well as the positions of additional stars, can be plotted. To do this, 
determine 360°—SHA of the body. For the stars and planets, SHA is listed in the 
Nautical Almanac. For the sun and moon, 360° —SHA is found by subtracting GHA 
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FiGuRE 2210a.—The south pole side of the star base of No. 2102-D. 


of the body from GHA ‘P at the same time. Locate 360°—SHA on the scale around 
the rim of the star base. A straight line from this point to the center represents the 
hour circle of the body. From the celestial equator, shown as a circle midway 
between the center and the outer edge, measure the declination (from the almanac) 
of the body toward the center if the pole and declination have the same name (both 
N or both S), and away from the center if they are of contrary name. Use the scale 
along the north-south azimuth line of any template as a declination scale. The 
meridian angle-declination template (the latitude 5° template of No. 2102-C) has an 


open slot with declination graduations along one side, to assist in plotting positions, 
as shown in figure 2210b. In the illustration the celes 


tial body being located has a 
360°—SHA of 285°, 


and a declination of 1475S. It is not practical to attempt to plot 
to greater precision than the nearest 0°1. Positions of Venus, Mars, Jupiter, and 


Saturn on June 1, 1975, are shown plotted on the star base in figure 2210c. It is 
sometimes desirable to plot positions of the sun and moon, to assist in planning. 
Plotted positions of stars need not be changed. Plotted positions of bodies of the 
solar system should be replotted from time to time, the more rapidly moving ones 
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oftener than others. The satisfactory interval for each body can be determined by 
experience. It is good practice to record the date of each plotted position of a body of 
the solar system, to serve later as an indication of the interval since it was plotted. 
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Ficure 2210b.—Plotting a celestial body on the star base of No. 2102-D. 


To orient the template properly for any given time, proceed as follows: enter 
the almanac with GMT, and determine GHA Y at this time. Apply the longitude to 
GHA Y, subtracting if west or adding if east, to determine LHA YY. If LMT is 
substituted for GMT in entering the almanac, LHA Y can be taken directly from 
the almanac, to sufficient accuracy for orienting the star finder template. Select the 
template for the latitude nearest that of the observer, and center it over the star 
base, being careful that the correct sides (north or south to agree with the latitude) 
of both template and star base are used. Rotate the template relative to the star 
base until the arrow on the celestial meridian (the north-south azimuth line) is over 
LHA ° on the star based graduations. The small cross at the origin of both families 
of curves now represents the zenith of the observer. The approximate altitude and 
azimuth of the celestial bodies above the horizon can be read directly from the star 
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finder, using eye interpolation. Consider Polaris, not shown as at the north celestial 
pole. For more accurate results, the template can be lifted clear of the center peg of 
the star base, and shifted along the celestial meridian until the latitude, on the 
altitude scale, is over the pole. This refinement is not needed for normal use of the 
device. It should not be used for a latitude differing more than 5° from that for 
which the curves were drawn. If the altitude and azimuth of an identified body 


shown on the star base are known, the template can be oriented by rotating it until 
it is in correct position relative to that body. 
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FIGURE 2210c.—A template in place over the star base of No. 2102-D. 
Customarily, No. 2102-D is used in either of two ways: 


1. To make an advance list of celestial bodies available for observation at a 
given time. 


2. To identify an unknown celestial body which has been observed. 


Example 1.—During evening twilight on June 1, 1975, the GMT 2324 DR 
position of a ship is lat. 34°12‘5N, long. 57°40/0W. 


Required.—The approximate altitude (h) and azimuth of each first magnitude 
star, and any planets, between altitudes 15° and 75°. 
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Solution (fig. 2210c).—(1) Plot the positions of the planets, as shown. The values 
used are those for GMT 0000 on June 1, as follows: 


Venus LO a7 23°7N 
Mars 8°0 1°8N 
Jupiter 15°9 5°5N 
Saturn 108°4 22°3N 


(2) Determine LHA Y by means of the Nautical Almanae, as follows: 


GMT _ 23824 June 1 
23h 234°48/2 


24>. 6°01.0 
GHAY 240°49/2 
A _57°40/0W 


LHA Y 183°0972 


(3) Select the template for latitude 35°, place it over the north side of the star 
base with “LATITUDE 35° N” appearing correctly, and orient it to 18372. It is 
customary to list the bodies in order of increasing azimuth, as follows: 


Vega aye 054° 
Arcturus Dom WE 
Spica 42° 157° 
Regulus 53° 240° 
Procyon 20° 262° 
Venus Oen 278° 
Saturn 25° Doon 
Pollux oon 284° 
Capella ily 316° 


Example 2.—At the time and place of example 1, an unidentified celestial body 
is observed through a break in the clouds. Its sextant altitude is 15°27/8, and its 
azimuth is 085°. 

Required.—Identify the celestial body. 

Solution (fig. 2210c).—Orient the template as in example 1. By means of its 
altitude and azimuth, identify the star as Rasalhague. 

If no body appears at the measured altitude and azimuth, place the red meridi- 
an angle-declination template over the altitude-azimuth template and read off, by 
inspection, the declination and the 360°—SHA value of the body and from this, 
determine its SHA. Using the SHA and declination, enter the list of stars near the 
back of the Nautical Almanac, and identify the body. If it is not found in this list, 
and no error has been made, one of the stars not listed in the almanac, or possibly 
the planet Mercury, has been observed. Unless a copy of The Astronomical Almanac 
or another book containing the required information is available, the observation 
cannot be used. If right ascension (art. 1426) of the body is available, but not its 
SHA, the value taken from the star finder (360°—SHA) is converted to time units 
(art. 1811) and used directly, since RA=860°—SHA. 

Example 3.—At the time and place of example | an unidentified celestial body 
is observed through a break in the clouds. Its altitude is 52°58/9, and its azimuth is 
170°. 

Required.—Identify the celestial body. 

Solution (fig. 2210c).—Orient the template as in example 1. Since no celestial 
body appears at the place indicated by its altitude and azimuth, the red meridian 
angle-declination template is placed over the altitude-azimuth template. The decli- 
nation is found to be about 1°S. The 360°SHA value is about 190°, and SHA is 
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therefore about 170°. From the star list near the back of the Nautical Almanac, the 
star is identified as y Virginis. 

Kotlarié’s Star Finder and Identifier, designed and patented by Dr. Stjepo M. 
Kotlari¢, Assistant Director of the Hydrographic Institute of the Yugoslav Navy, is 
actually a booklet of 18 pairs of star charts with a plastic template enclosed. It 
depicts the 57 selected stars plus 125 other stars, for a total of 182 stars. All of the 
173 stars listed in the Nautical Almanac are depicted. This star finder provides 
greater reliability in identification than No. 2102-D. 

Each pair of star charts shows the Western and Eastern Hemispheres separate- 
ly. The Western Hemisphere is shown using the stereographic projection (art. 318) 
on a plane tangent to the celestial equator at the west point; the Eastern Hemi- 
sphere is shown using the same projection on a plane tangent to the celestial 
equator at the east point. 

The stars are plotted with different symbols, according to their magnitude. 
Selected stars are in black, and other stars in green. The stars in constellations are 
connected by a broken yellow line, while the “star-chasing” alignments are plotted 
with solid yellow lines. The names of the selected stars are shown in black capital 
letters, while all other stars are shown in green, using capital letters for popular 
names. 

Since the list of stars near the back of the Nautical Almanac is not compiled in 
alphabetical order, an alphabetical index of stars with their rounded values of SHA 
and declination is included with the star finder to facilitate location of a star in the 
list. 

Two 20° intervals of LHA , differing by 180°, are used for constructing each 
pair of star charts. The circle bordering the star chart (fig. 2210d) represents the 
observer’s celestial meridian. The circle is graduated to permit orientation of the 
plastic template to the star chart, according to the observer’s latitude, in order to 
portray the visible hemisphere in the horizon system of coordinates. 

The latitude scale on the right-hand half is black, and that on the left half is 
red. By selecting the appropriate pair of star charts according to the values of LHA 
‘Y and the azimuth, printed on the star charts, and by placing the template over the 
selected star chart in such a way that their centers coincide and the zenith of the 
template is placed on the proper latitude value on the black border scale when the 
azimuth figures are in black type (or on the red border scale when the azimuth 
figures are in red type), the altitude and azimuth of a star can be determined. Also, 
with the observed altitude and azimuth the coordinates of the star in the celestial 
equator system can be determined. 

Star symbols on all the star charts are plotted for odd tens of degrees of LHA 
‘?. A part of the star’s path is plotted to a distance of 10° to the left and to the right 
of the star symbol’s position. A 10° increase of LHA Y from the star symbol’s 
position is plotted as a solid line path, and a 10° decrease of LHA Y is plotted as a 
dotted line path. These portions of the star paths facilitate the identification of 
stars and make for more certainty in identification. The position of a star, deter- 
mined by means of altitude and azimuth on the template superimposed on this star 
chart, may be found from either the star symbol or the appropriate point on the 
star path when LHA { at the time of the observation differs from the value of odd 
tens of degrees for which the star symbol is printed on the star chart. 
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Ficure 2210d.—Kotlarié’s Star Finder and Identifier. 
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Example 4.—Three unknown stars with the following data are observed from 
lat. 50°N: 


Zn : h LHA “° 
028° 22°48’ 70° 
029°5 25°00" 66°5 
152° 26°16’ 61° 


Required.—ldentify the stars. 

Solution.—For LHA ° 70° and Zn 028°, star chart No. 8 (fig. 2210d) is used. 
Since the azimuth figures are in black type, the zenith on the template is placed on 
the black latitude scale. The zenith is placed at +50° since the observer’s latitude is 
50°N. (If the observer’s latitude were 50°S, the zenith on the template would be 
placed at —50°.) The template is also placed so that its center and the center of the 
star chart coincide. 

At the intersection of the curves for Zn 028° and h 22°8, the symbol for Mizar is 
found. The body is identified as Mizar. 

For LHA Y 66°5 and Zn 029°5, star chart No. 8 is used. As indicated at the top 
of the star chart, the position of the star is on the dotted line path extending from 
the star symbol. For LHA ° 66°5, the position of the star is between the star 
symbol and the midpoint of the dotted line star path. 

Since the azimuth figures are in black type, the zenith on the template is 
placed on the black latitude scale. The zenith is placed at +50° since the observer’s 
latitude is 50°N. The template is also placed so that its center and the center of the 
star chart coincide. 

The intersection of the curves for Zn 029°5 and h 25°0 is found to be between 
the dotted line path of Alioth and the solid line path of Mizar. Since it has been 
found that the star’s position is on the dotted line, the observed star is reliably 
identified as Alioth. 

For LHA Y 61° and Zn 152°, star chart No. 8 is used. As indicated at the top of 
the star chart, the position of the star is at the beginning of the dotted line star 
path. 

Using the procedures given above for placing the template, the star is identified 
as Saiph (x Orionis). 

In the identification of planets, the coordinates of the intersection of the alti- 
tude and azimuth curves corresponding to the planet observation are found through 
approximating the differences between the coordinates of the intersection and the 
coordinates of a nearby star. 

In practice, however, the procedure is considerably simpler. For example, if the 
intersection of the altitude and azimuth curves is found near Regulus, the daily 
page of the Nautical Almanac is scanned to find which of the four navigational 
planets has coordinates closest to those of Regulus. This simple procedure is 
achieved through the use of the large number of stars. 

2211. Sight Reduction Tables for Air Navigation (Pub. No. 249).—Volume I of 
Pub. No. 249 can be used as a star finder for the stars tabulated at any given time. 
For these bodies the altitude and azimuth are tabulated for each 1° of latitude and 
1° of LHA P (2° beyond latitude 69°). The principal limitation is the small number 
of stars listed. 

2212. Sky diagram.—Near the back of the Air Almanac are a number of sky 
diagrams. These are azimuthal equidistant projections (art. 320) of the celestial — 
sphere on the plane of the horizon, at latitudes 75°N, 50°N, 25°N , 0°, 25°S, and 50°S, 
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at intervals of 2 hours of local mean time each month. A number of the brighter 
stars, the visible planets, and several positions of the moon are shown at their 
correct altitude and azimuth. These are of limited value because of their small 
scale; the large increments of latitude, time, and date; and the limited number of 
bodies shown. However, in the absence of other methods, particularly a star finder, 
these diagrams can be useful. Allowance can be made for variations from the 
conditions for which each diagram is constructed. Instructions for use of the dia- 
grams are included in the Air Almanac. 

2213. Identification by computation.—If the altitude and azimuth of the celes- 
tial body, and the approximate latitude of the observer, are known, the navigational 
triangle (art. 1433) can be solved for meridian angle and declination. The meridian 
angle can be converted to LHA, and this to GHA. With this and GHA of Aries at 
the time of observation, the SHA of the body can be determined. With SHA and 
declination, one can identify the body by reference to an almanac. Any method of 
solving a spherical triangle, with two sides and the included angle being given, is 
suitable for this purpose. A large-scale, carefully-drawn diagram on the plane of the 
celestial meridian, using the refinement shown in figure 14382f, should yield satisfac- 
tory results. A simple method of computation is by Pub. No. 214. Following the 
tables of computed altitude and azimuth for each latitude, a two-page star identifi- 
cation table is given, as shown in appendix N. The example given below is based 
upon this extract. 

The steps in solution by Pub. No. 214 are: 

1. Convert Zn to Z. 

29 With Z and h (usually the approximate value taken from the sextant, 
without correction) enter the Pub. No. 214 star identification pages for the nearest 
whole degree of latitude, and extract the declination and meridian angle, t (given as 
HLA. in the table). If the declination is given in roman type, above the heavy line, it 
has the same name as the latitude. If the declination is given in italics, below the 
heavy line, it has the contrary name to that of the latitude. When interpolating 
between roman and italic declinations, consider the italic value negative, using the 
arithmetical sum as the algebraic difference needed for interpolation. Extract 
values to the nearest whole degree. 

3. Convert to LHA. 

4. Apply the longitude to LHA to find GHA, adding if in west longitude, and 
subtracting if in east longitude. 

5. Enter the Nautical Almanac with GMT, and determine GHA NS 

6. Subtract GHA from GHA +f to find SHA (since GHA;4=GHA +SHA). 

7. With the approximate SHA and d enter the Nautical Almanac star list and 
identify the body, checking first the SHA and then the declination. Do not overlook 
the possibility of having observed a planet or a star not listed in the almanac. For a 
planet, check first the declination. If this is approximately correct, check the GHA. 
It is not necessary to find the SHA of a planet. , 

Example.—On May 31, 1975, the 0425 DR position of a ship is lat. 41°13.6N, 
long. 140°41/7W. About this time the navigator observes an unknown star through 
a break in the clouds, as follows: GMT 13524™465, hs 15°01.5, Zn 232, 

Required.—Identify the unknown celestial body, using Pub. No. 214. 
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Solution.— 
May 31 
GMT 1324™465 May 31 4 “nt 12828 
135 83°24!4 Z N128°W 
24™46s 6°12'5 h 1S 
GHA Y  89°36!9 (subtract) d 16°S_ (from Pub. No. 214) 
GHA; 193° t _52°W (from Pub. No. 214) 
SHA; 103° LHA 52° 
dawiG’s A 141°W 
Body Sabik GHA 193° 


Although no formal star identification tables are included in Pub. No. 229, a 
simple approach to star identification is to scan the pages of the appropriate 
latitudes and observe the combination of arguments which give the altitude and 
azimuth angle of the observation. Thus the declination and LHA; are determined 
directly. The star’s SHA is found from, SHAy;¢’=LHAy¢—LHAY. From these quan- 
tities the star can be identified from the Nautical Almanac. 

Another solution is available through an interchange of arguments using the 
nearest integral values. The procedure consists of entering Pub. No. 229 with the 
observer’s latitude (same name as declination), with the observed azimuth angle 
(converted from observed true azimuth as required) as LHA and the observed 
altitude as declination, and extracting from the tables the altitude and azimuth 
angle respondents. The extracted altitude becomes the body’s declination; the ex- 
tracted azimuth angle (or its supplement) is the meridian angle of the body. Note 
that the tables are always entered with latitude of same name as declination. In 
north latitudes the tables can be entered with true azimuth as LHA. 

If the respondents are extracted from above the C-S Line on a right-hand page, 
the name of the latitude is actually contrary to that of the declination. Otherwise, 
the declination of the body has the same name as the latitude. If the azimuth angle 
respondent is extracted from above the C-S Line, the supplement of the tabular 
value is the meridian angle, t, of the body. If the body is east of the observer’s 
meridian, LHA=360° —t; if the body is west of the meridian, LHA=t. 


Problems 


2210a. During morning twilight on June 3, 1975, the GMT 1825 (June 2) DR 
position of a ship is lat. 26°21/4N, long. 157°17/2E. 

Required.—The approximate altitude and azimuth of each first magnitude star, 
and any planets, between altitudes 10° and 80°, using No. 2102-D. 


Answer.— 
Body h Zn 
Jupiter 85° 101° 
Mars 41° eI 
Fomalhaut O25 160° 
Altair 59° OE 
Vega 50° 301° 
Deneb 67° 834° 


2210b. At the time and place of problem 2210a an unidentified celestial body is 
observed through a break in the clouds. Its sextant altitude is 21°04'1 and its 
azimuth is 044°. ; 

Required.—Identify the celestial body, using No. 2102-D. 

Answer.—Mirfak. 
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2210c. The dead reckoning latitude of a ship is 25°06/4S. Two stars are observed 
in quick succession, as follows: 


Star h Zn 
Antares a ie 100° 
Unidentified 52> Cole 


Required.—Identify the unknown celestial body, using No. 2102-D. 

Answer.—e Virginis. 

2213. On June 2, 1975, the 1725 DR position of a ship is lat. 41°27/3S, long. 
158°36/9E. About this time the navigator observes two unknown celestial bodies 
through breaks in the clouds, as follows: (1) GMT 6°24™155, hs 16°34/9, Zn 334°; (2) 
GMT 65257538, hs 20°26/0, Zn 334°. The second body appears to be of the first 
magnitude. 

Required.—Identify the unknown celestial bodies, using Pub. No. 214. 

Answers.—(1) Pollux, (2) Venus. 
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CHAPTER XXIII 


THE PRACTICE OF MARINE NAVIGATION 


2301. Introduction.—In the preceding 22 chapters, dead reckoning, piloting, 
and celestial navigation are discussed separately. In this chapter the interrelation- 
ship of the various elements of navigation, including radionavigation, are discussed. 
However, the most important element of successful navigation cannot be acquired 
from this book—nor from any book or instructor. The science of navigation can be 
taught, but the art of navigation must be acquired. Modern navigation is a blending 
of the two—a scientific art. The truly successful navigator is one who supplements 
his knowledge with judgment, utilizing every opportunity to improve his judgment 
through experience. Even with knowledge and judgment, the navigator cannot 
expect to be fully reliable unless he is alert, constantly evaluating the situation as 
it develops, avoiding dangerous situations before they arise, or recognizing them if 
they do occur, and always keeping “ahead of the vessel.” The elements of successful 
navigation, then, are knowledge, judgment, and alertness. To the person possessing 
these, navigation can be a pleasure. A person who tries to navigate without them is 
at best a doubtful asset. He may be a menace to his vessel and shipmates. 

It is not wise to attempt to reduce navigation to a series of steps that can be 
followed mechanically. The methods and techniques to be used are those which are 
applicable to the type of vessel, the equipment available, the training and experi- 
ence of the navigator and any assistants, the local situation, etc. The navigation of 
a small craft proceeding up the Choptank River, for instance, might be quite 
different from that of an ocean liner entering New York harbor. Both might differ 
from the navigation of a naval vessel approaching an assigned anchorage. It is 
important that a navigator make an “estimate of the situation” and use the 
methods and techniques that are best adapted to the conditions at hand. 

The discussion that follows is generally applicable to any vessel under average 
conditions, but is written primarily for an average ship which might be planning 
and executing an ocean voyage. 

2302. Advance preparation.—The initial planning for an ocean passage includes 
careful study of the Sailing Directions (Planning Guide) and inspection of charts of 
appropriate scale with the objective of determining the route, the conditions expect- 
ed to be encountered, and the speed of advance required if the passage is to be 
completed by a predetermined time. This planning may utilize the services of ship 
weather routing (ch. XXIV). 

As the planning progresses, the navigator obtains an overview of the passage. 
When the planning is completed, the navigator has developed the intended track 
based upon prudent consideration of: (1) the capabilities and limitations of naviga- 
tional methods and systems to be employed; (2) navigational hazards; and (3) the 
possibility of equipment failure and human error. The detailed planning for the 
approach and entry at the destination is usually deferred until some time during 
the transit but before making landfall. ' . 

Before getting underway, the navigator should familiarize himself with his 
equipment. Any defective or questionable instruments should be repaired or re- 
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placed. The necessary charts and publications should be on hand. If the voyage is to 
extend beyond the time range of any publication, such as an almanac or tide tables, 
the volume for the next period should be included, or provision should be made to 
acquire it before the expiration date of the current volume. Charts and light lists 
should be checked to see that they have been corrected through the latest Notice to 
Mariners. 

When all equipment is on hand and in suitable condition, the navigator should 
study his charts and publications. He should determine which soundings are in feet, 
which in fathoms, and whether other units are used. It is good practice to underline 
or circle with a colored pencil the statement of units as given on each chart. The 
various notes on the chart should be read, and applicable ones marked. The latitude 
and longitude scales should be observed and the units noted. The channels, cur- 
rents, shoals, aids to navigation, and natural landmarks should be studied so that 
the general arrangement is familiar. Useful natural ranges should be located and 
marked. Where needed, turning bearings, danger angles, and danger bearings 
should be determined. 

The tides and currents to be encountered should be determined from the tables 
and charts. The advice and warnings given in coast pilots or sailing directions 
should be read and pertinent parts marked or copied out. The light list should be 
studied, and the arcs of visual range for the usual height of eye drawn in. Charac- 
teristics, including shape and color of the structure, should be written on the chart, 
if not printed there, or in a notebook, to assist in identification. Useful radar 
targets, radiobeacons, Loran rates, etc., should be noted if equipment to utilize them 
is available. If a danger sounding is useful, it should be drawn in. The bottom 
configuration should be studied for distinctive features that will prove helpful in 
locating the position of the vessel, or keeping it in safe water. If foreign charts are 
to be used, the symbols should be understood. 

The extent of the preliminary study depends somewhat upon the navigator’s 
previous knowledge of the area. But however familiar he may be with local condi- 
tions, the navigator should not overlook the need for checking his equipment to be 
sure it is complete and up-to-date, nor to refresh his memory regarding critical 
items of information. The prudent navigator leaves nothing to chance and assumes 
nothing that can be verified. 

In pilot waters with limited maneuvering space, the desired track might well be 
plotted in advance, and the predicted time between buoys, turns, etc., determined. 
Where repeated runs are made over the same routes, the entire track may be 
plotted in ink. Courses, distances between lights, visual range arcs, and other useful 
information might be prominently indicated. When this practice is followed, a 
positive routine should be set up to apply corrections and to bring these to the 
attention of all concerned. 

2303. Getting underway.—Shortly before the ship gets underway the necessary 
charts, publications, and plotting equipment should be placed on the chart table. A 
check should be made to be sure that all marks (except those permanently plotted 
in ink or colored pencil) relating to a previous voyage have been erased from the 
charts. The navigator’s binoculars should be checked to see that they are properly 
secured in their accustomed place on the bridge. The gyrocompasses should be 
started sufficiently in advance to insure proper operation, and should then be 
compared with the repeaters and the magnetic compass on the bridge. Gyro error 
should be determined before getting underway. The deviations of the magnetic 
compass may be unusually high because of cranes, cables, etc. A check should be 
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made to see that the latest deviation tables are available, and that magnetic gear 
has not been left near the compass. Azimuth circles and peloruses should be in 
place and checked. The standard and emergency steering gear should be checked, as 
well as communication and signaling equipment. If practical, the mechanical log 
and electronic equipment such as radar, Loran, radio direction finder, and echo 
sounder should be started and checked. Radar and echo sounder errors should be 
determined prior to getting underway. The hand lead should be placed at a conven- 
ient location ready for immediate use. The anchor windlass should be tested. The 
sextant, chronometers, almanac, and tables should be checked to see that they are 
in their proper places. It is good practice for the navigator to prepare a check-off 
list to insure that nothing is overlooked. The checks should be made carefully by a 
responsible person who reports the results to the navigator. 

Before getting underway the navigator should see that all navigational person- 
nel are at their assigned stations and that each understands his duties. Aboard 
naval vessels a piloting team (normally composed of the navigator, plotter, recorder, 
bearing observers, echo sounder operator, and others) is usually employed when 
transiting restricted waters. Aboard merchant vessels in the same circumstances, 
the navigation may be performed by no more than the mate on watch and the 
helmsman. In any event, it is good practice to acquaint each person with the 
general plan of operation, for an informed person is less likely to make mistakes, 
and more likely to detect mistakes made by others. 

2304. Leaving port.—In a harbor, the largest scale chart should be used for 
greatest accuracy and detail. The dead reckoning should be started as soon as the 
vessel steadies on its first course. If the desired track has not been plotted in 
advance, the dead reckoning is run ahead a short distance. In either event, the 
predicted time of arrival at the next turning bearing, or of passing the next aid to 
navigation is recorded on the chart. Predicted times of arrival at various points are 
of great importance in interpreting the information received and in avoiding dan- 
gerous situations. It is good practice to use all available information, and not rely 
solely upon a single aid. A good position should be maintained at all times. Fog may 
set in rapidly and without warning, obscuring landmarks before a round of bearings 
can be observed. Lights should be timed and identified by their characteristics. At a 
distance, the color and shape of buoys may not be apparent. Sometimes a sailboat 
can be mistaken for a buoy. Buoys may be out of position. Bearings and ranges on 
fixed objects are better than on floating aids which do not remain at fixed points. 
Soundings should be taken continuously in the vicinity of shoal water. It is good 
practice to check the compass and radar at convenient opportunities, as when on a 
range or passing between two headlands. Ranges are of great value for checking 
position or keeping on the desired track, and should be used whenever available. 

By skillful navigation, one may be able to save many miles of steaming. 
However, it is possible to allow insufficient margin of safety. The navigator should 
always keep in mind the possibility of failure of some item of equipment, unexpect- 
ed fog, or the need for maneuvering room if another vessel approaches too close. He 
should remember, too, that in pilot waters currents may be strong and variable. 

A detailed record should be kept in a notebook. Entries should be made show- 
ing bearings and ranges, important soundings, all changes of course and speed, the 
times of passing important aids to navigation, and other pertinent information. The 
record should leave nothing in doubt, indicating whether bearings are true or by 
magnetic compass, whether soundings are in feet, fathoms, or meters. This record is 
useful in preparing the ship’s log, providing guidance for future runs over the same 
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area, establishing position if fog sets in, and in providing an acceptable record if the 
vessel experiences a mishap resulting in a later investigation. 

The chart, also, should present a neat and intelligible record of the passage. 
Course lines and lines of position should be drawn boldly and neatly, and should be 
no longer than needed. Standard labels should be used wherever they contribute to 
an understanding of the plot. They should be so placed and worded that no doubt is 
left as to their applicability and meaning. If possible, lines and labels should not be 
drawn through chart symbols. 

Outside the harbor, if the course is parallel to the coast, there may be advan- 
tages in remaining close enough to utilize major aids to navigation and other 
landmarks. However, a set toward the beach, particularly off the entrance to an 
estuary, can endanger the safety of a vessel. Many ships have grounded because a 
course was set too close to off-lying dangers. 

2305. Taking departure.—When a vessel reaches the open sea and is about to 
leave the land astern, a last accurate position is obtained by means of landmarks 
available. This process is called taking departure. It marks the end of piloting and 
the beginning of the next phase of the navigation. The work of the navigator 
becomes less hurried, and fixes are obtained less frequently. Soundings become of 
less interest. The hand lead is secured. The position may be transferred from the 
chart to a plotting sheet. Courses and speeds will be maintained over relatively long 
periods. The sea routine begins. Even if the vessel is to follow the coast, it generally 
does so at such a distance that danger is some distance away, and fixing is an 
intermittent process rather than a continuous one. 

2306. Navigation at sea, like piloting, varies somewhat from vessel to vessel 
depending upon the equipment available and the individual preferences of the 
navigator. A daily routine, called the day’s work, is established by the navigator 
and carried out with such variations as dictated by circumstances. While details 
vary with the navigator, a typical minimum day’s work is: 

1. Plot of dead reckoning throughout the day. 

2. Observation and reduction of celestial observations for a fix during morning 
twilight. 

3. Winding of chronometers and determination of chronometer error. 

4. Observation of the sun for a morning sunline (on or near the prime vertical 
if made at about the same time as 5). 

5. Azimuth of the sun for a compass check, commonly made at about the same 
time as a morning sunline observation. This may be an amplitude observation at 
sunrise. 

6. Observation of the sun at or near noon. This is crossed with a morning 
sunline, advanced, or with an observation of the moon or Venus to obtain a noon 
(ZT 1200) position. 

7. Computation of the day’s run (noon to noon, or midnight to midnight). 

8. Observation of the sun during the afternoon (on or near the prime vertical if 
made at about the same time as 9). This is primarily for use with the advanced 
noon sunline, or with a moon or Venus line, if the skies are overcast during evening 
twilight. 

9. Azimuth of the sun for a compass check. This is commonly made at about the 
same time as an afternoon sun observation, but may be an amplitude observation at 
sunset. ; 
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10. Computation of the time of sunset, sunrise, and twilight, and preparation of 
a list of stars and any planets in favorable positions for observation during each 
twilight period, with the approximate altitude and azimuth of each body. 

11. Observation and reduction of celestial observations for a fix during evening 
twilight. 

12. Computation of the time of moonrise and moonset (if required). 

13. Use of Loran and any other available radionavigation aid on a regular 
schedule, as every hour. 

The list of celestial bodies available for observation is customarily prepared 
with the aid of a star finder such as No. 2102-D (art. 2210) or volume I of Pub. No. 
249. This list is particularly helpful during evening twilight, when one desires to 
know where to look for the brightest stars or planets before the general pattern of 
stars becomes visible. Some navigators list or make a simple plot of the relative 
azimuths of the bodies, to assist in locating them. The brightest bodies may be 
visible at about the time of sunset, or even a little before. 

In general, it is good practice to observe the brightest bodies as they appear in 
the evening, while the horizon is clear and sharp, and the dimmest first in the 
morning, before they fade from view. Cloud cover permitting, the normal practice of 
navigators is to observe stars in the eastern sky first. During morning twilight the 
eastern horizon becomes clearly defined first due to the rising sun; the dim stars 
above this horizon fade from view first because of the brighter eastern sky. During 
evening twilight the eastern horizon becomes indistinct first due to the setting sun, 
dictating observation of stars above this horizon first. Also, during evening twilight 
the bright stars in the darker eastern sky will be visible first. 

Several observations should be made of each body, each sight being taken 
quickly to avoid eye fatigue. In general, it is better to use one good observation than 
to avetage several of questionable accuracy. At least five or six bodies should be 
observed. If the four most favorably situated ones provide a good fix, additional 
sights need not be reduced, but if doubt remains, information for obtaining addi- 
tional lines is available. It is better to observe bodies all around the horizon than in 
the same semicircle. Thus, three bodies separated by 120° are better than three 
separated by 60°, for in the former case any constant error in altitude will be 
neutralized. 

If a comparing watch is used, it should be compared with the chronometer or a 
time tick every time celestial observations are made. The index correction should be 
determined each time the sextant is used. If the horizon is used for this purpose, 
the measurement should be made before evening twilight observations and after 
morning twilight observations, while the horizon is sharp. If the horizon is not 
equally sharp in all directions, the best part should be used. 

When skies clear after a prolonged period of overcast, or when clouds threaten 
to obscure the heavens, additional observations should be made, if available. During 
the day a series of sunlines might be obtained and advanced to a common time, or 
the moon or Venus might be available at a favorable azimuth. Sometimes observa- 
tions can be made during the night, either by use of moonlight to illuminate the 
horizon, or by dark-adapting the eyes. At this time the moon, and bodies having an 
azimuth nearly the same as the moon, should be avoided because of the probability 
of false horizons on the illuminated water. 

Sights may be reduced by any reliable method. The one most widely used by 
mariners is Pub. No. 229, used in conjunction with the Nautical Almanac. If a 
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check is needed, a good practice is to use a different method and a different 
almanac, so that mistakes will not be repeated. 

Before the development of modern sight reduction methods, celestial navigation 
was largely a matter of determining latitude by observation of bodies on or near the 
celestial meridian (including Polaris) and longitude by observation of bodies on or 
near the prime vertical. Longitude was computed by time sight. Frequently, this 
method of navigation was inconvenient. Often it produced misleading results, as 
when a north-south “longitude” line was used instead of the true line of position 
which might differ in direction by as much as 30° or more. Errors were introduced 
when an incorrect longitude was used for solving a reduction to‘the meridian, or an 
incorrect latitude for solving a time sight of a body some distance from the prime 
vertical. The use of azimuth with a time sight was an improvement, but was not 
well adapted to observations of celestial bodies near the celestial meridian. The 
modern navigator is freed from these restrictions. He is able to obtain a line of 
position extending in the correct direction almost any time a celestial body can be 
observed. He places no special significance upon latitude and longitude lines, and 
solves all sights by a common method of sight reduction. 

It is good practice to use a workbook for the various solutions made at sea. This 
provides a valuable record which may be of inestimable value in the future. Entries 
should be neat, orderly, and intelligible to another navigator. All original data and 
computations should be included. The use of standard work forms is recommended. 
They are considered adequate but, for sight reduction of celestial observations, 
there is merit in using a form which uses a single column, so that several sights can 
be reduced in parallel columns. The best form for anyone to use is one he thorough- 
ly understands and finds logical and least confusing. If an alteration in a work form 
reduces the number of errors made, it is a desirable change. Because of the differ- 
ence of opinion among marine navigators, and the tendency to follow mechanically 
an established form without fully understanding the principles involved, a work 
form standardized for all navigators is probably undesirable, although such is 
widely used by air navigators, who use celestial navigation somewhat intermittent- 
ly. When one has established the work forms he desires to use, he can have a 
rubber stamp made, or have the forms reproduced by printing. The former is 
probably preferable because it permits use of a bound workbook. However, printed 
forms can be punched for retention in a looseleaf binder. 

At sea it is good practice to run the dead reckoning from fix to fix, determining 
set and drift of the current at each fix. The use of single lines of position and 
current to establish estimated positions is a matter of judgment. The ability to 
predict the difference between dead reckoning positions and fixes, which ability 
may be developed when the need is not apparent, can serve as a valuable asset 
when fixes are not available. In the U. S. Navy, the best position available is 
recorded in the log at 0800, 1200, and 2000. A typical plot of part of a day’s run at 
sea (omitting possible radionavigation fixes) is shown in figure 2306. 

It is good practice to compare the gyro repeaters with the steering magnetic 
compass each half hour and after each change of course at sea, to detect any 
discrepancy which may arise through malfunction. In making the comparison, one 
should not overlook changes in variation and deviation. The master gyrocompass 
should be compared with its repeaters from time to time. 

One of the duties of the navigator is to inform the captain of the expected time 
of crossing time zone boundaries. The change of time is usually made at a conven- 
ient whole hour near the time of crossing a boundary, or during the night. Aboard 
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Figure 2306.—Typical minimum plot at sea (omitting possible radionavigation fixes). 
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some merchant ships the change is distributed equally through several watches, as 
20 minutes during three consecutive watches. 

It is common practice for the captain to maintain a night order book. Standing 
orders such as the conditions under which the captain is to be called, and the 
admonition to keep a sharp lookout, are usually given on the inside front cover. The 
orders for each night, if any, are recorded in order, over the captain’s signature. 
They include items such as courses to be steered, speeds to be used, times and 
bearings of lights expected to be sighted, and any other pertinent navigational 
information. The navigator provides the captain with such information as he may 
require. 

2307. Landfall.—After a voyage at sea, the first contact with land is of consid- 
erable importance. The accuracy with which one predicts the time and place of 
sighting land depends upon the accuracy of navigation. If consistent radionaviga- 
tion fixes have been obtained at frequent intervals, and these positions are con- 
firmed by a recent fix from celestial observations or other information, the predic- 
tion should be highly accurate. But if no fix has been available for several days, 
considerable doubt may surround the landfall. 

Often the approximate distance offshore, if not the position, can be determined 
by means of soundings. Along most of their coasts the continents have a continen- 
tal shelf (art. 3022) of relatively shoal water extending outward for a varying 
distance. A similar island shelf extends outward from many island groups. At the 
outer edge, called the continental slope (or island slope), a sharp increase in depth 
occurs. This is often at about the 100-fathom curve. Therefore, the crossing of this 
curve is often quite abrupt, and gives information on the distance offshore. The 
position of this and other depth curves may be indicated on the chart. 

The place of making landfall has a definite relationship to the safety of the 
vessel, particularly in an area where shoaling is not uniform along the beach. For 
some time before making a landfall in such an area, it may be advisable to 
maintain both a dead reckoning and estimated position plot. The best obtainable 
position should be determined. Methods which are acceptable a thousand miles 
from land may not provide sufficiently exact data when a landfall is expected. 

Only judgment, based upon existing circumstances, can determine the existence 
of a dangerous situation. If the water has shoaled to a dangerous degree, for 
instance, and the position of the vessel is seriously in doubt, one may have no 
recourse but to stand off or anchor and await daylight, improved visibility, or better 
information. 

When contact is made with land, the first step should be to identify the point of 
contact. The anticipated point of making contact should be of assistance, but one 
should be alert to the possibility of similarly appearing land at other points within 
a reasonable distance on each side. The position of the vessel relative to land might 
be established even before land is sighted. Soundings, radio bearings, and radar 
may be used for this purpose. 

2308. Entering port.—Before entering port, the navigator should have reliable 
information regarding the draft of his vessel. He should also have a reliable posi- 
tion relative to the land. Preparations for entering are similar to those for getting 
underway. The tide and tidal current tables, light list, coast pilot or sailing direc- 
tions, and charts should all be broken out and studied so that one is familiar with 
conditions to be encountered. The time of entering might be selected to take 
advantage of favorable currents, and to arrive at the assigned berth at slack water. 
One should have a mental picture of what to expect when approaching from 
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seaward under the anticipated conditions of lighting and visibility. The characteris- 
tics of all aids to navigation by day or night, as appropriate, and fog signals should 
be known or immediately available. In entering a strange port the navigator should 
carefully select the most suitable aids to use, with substitutes if these prove inad- 
equate, or if there is any doubt as to their identity. Useful ranges, natural or 
artificial, should be noted. Danger bearings and danger circles should be drawn in 
and labeled, if this has not already been done. A danger sounding should be selected 
and drawn on the chart, if needed. Any shoal areas, wrecks, areas of unusually 
swift current, etc., should be noted. 

The courses to be steered and the distance on each should be determined and 
recorded, or drawn and labeled on the chart. The identification of each turning 
point should be indicated. Definite courses should be steered, and changes made 
only when established positions indicate a departure from the planned track, or 
when necessitated by traffic. Course changes should occur at preselected points 
having definite identification. The position should not be permitted to be in doubt 
at any time, even in ports which are familiar to the navigator and considered easy 
to enter. Most avoidable groundings are caused by erroneous assumptions which 
should have been verified. The position should be checked frequently, using the 
most reliable information available. This may seem to be an unnecessary refine- 
ment, but in an emergency a position might be needed at a time when it cannot be 
obtained. When changes of course are ordered, it is good practice to indicate the 
amount and direction of change, or the new course, to avoid the possibility of 
having one’s attention diverted at the moment the order should be given to check 
the swing or steady on the new course. In general, course changes are best made 
when a given aid to navigation or other landmark is abeam, or when the ship is on 
a range. 

If it becomes necessary to pass between visible dangers without suitable marks 
for obtaining fixes, a track midway between dangers can be followed by eye more 
accurately than one closer to either side. If a vessel is to pass near reefs or shoals, it 
is sometimes possible to observe these from a position aloft, particularly if the sun 
is astern. 

The actual navigation while entering port is similar to that when leaving port. 
A typical plot in pilot waters is shown in figure 2308. The entering of pilot waters 
should be accompanied by a mental reorientation and an increased alertness. The 
use of a local pilot, unless this is a mandatory requirement, is a matter which 
should be decided in each case. Whether or not a pilot is used, local harbor 
regulations should be followed, for the presence of a pilot does not relieve the 
master of his responsibility. One should not forget to note the time of entering the 
area where local or inland rules of the road apply. 

Speed in the vicinity of wharves, construction work, dredges, small boats, etc., 
should be carefully controlled to avoid damage to them. ng 

If the vessel anchors, the anchorage should be selected carefully, considering 
local regulations as well as suitability and safety, including the holding qualities of 
the bottom. If there is any doubt as to the depth of water, a boat might be sent in 
ahead to take soundings. If space is limited, the appraoch to the anchorage should 
be planned and executed carefully. As soon as the anchor is let go, the position 
should be determined accurately. Bearings of a number of prominent landmarks 
and lights should be measured and recorded, as a guide in determining whether or 
not the vessel drags anchor. A drag circle is helpful. Using the position of the 
anchor as its center, the drag circle is constructed with a radius equal to the scope 
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Figure 2308.—Typical plot in pilot waters. 
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plus the distance from the hawsepipe to the point of observation. A swing circle, 
with radius equal to the scope plus vessel’s length, may also be helpful. 

2309. Fog.—During periods of reduced visibility, the navigator’s work is more 
difficult. At sea he is prevented from making celestial observations. Even when the 
fog is so shallow that celestial bodies are visible, the horizon is not available as a 
reference. An artificial-horizon sextant may prove of some value at such a time, but 
unless the sea is almost a flat calm, the results are likely to be less reliable than 
the dead reckoning. Radio aids to navigation are affected little by fog. Unless the 
vessel is approaching land, there is generally no cause for concern regarding the 
navigation, the principal danger being one of collision with other vessels. Usually 
the navigator merely waits for the fog to lift. 

When a coast is approached, however, a wait may be impractical. The safety of 
the vessel requires reliable positional information. Along a coast where the shoaling 
is gradual, the echo sounder can be of great assistance in indicating the distance off. 
But along a coast having abrupt shoaling, the first indication of shallow water may 
be obtained so close to the beach that action to avoid grounding is not possible. If 
radio aids such as Loran, radio direction finder, and radar are available, they can 
provide useful information. If the vessel is near enough to a shore with steep cliffs, 
the echo of the vessel’s whistle may provide indication of the distance off. 

The decision of whether to enter a fogbound harbor should be made carefully. 
Once committed to the channel, the vessel may have no alternative but to continue 
on to the anchorage or wharf, for in some areas there is not room to turn back, and 
anchoring is unsafe. It is sometimes wiser to stand off or anchor for a few hours 
than to risk danger of grounding or collision. 

If the decision is made to enter, one should be prepared for any reasonable 
eventuality. The proximity of danger and the presence of currents make necessary 
the maintenance of a good position at all times. Fog limits the number of objects 
that can be used for fixing position, and destroys the overall view of the area. The 
radio direction finder and radar, both shipborne and shore-based, have done much 
to reduce the hazard due to fog, but they have not eliminated it. The need for 
special precautions and increased vigilance is still present. 

During periods of reduced visibility the practice of steering exact courses, with 
precise changes at definite points, is of great assistance in pilot waters. If the vessel 
is following a channel, each buoy should be located successively. If the fog is dense, 
this requires careful steering and attention to all details, such as indications of 
current, changes of wind, etc. If a single buoy is missed, consideration should be 
given to anchoring and waiting for improved visibility. 

With the possible exception of radar, the most important navigational aid 
during fog in pilot waters is the echo sounder or hand lead. Continuous soundings, 
compared with the chart, can provide valuable information on the position and 
safety of the vessel. The decision as to whether to plot a line of soundings on 
transparent material, or along the edge of a piece of paper, and compare this with 
the chart is a matter of judgment. In general, the procedure is valuable when 
approaching a harbor or proceeding in an open part of a large bay, but in a channel 
or other restricted waters the method is not needed and might prove distracting. 

During fog one should keep a sharp lookout for any objects that might appear 
momentarily through thin places in the fog. It is well to have a lookout stationed 
aloft, and another in the bow, for the visibility may vary with height. 

The lookouts and all persons on the bridge should listen intently for fog signals. 
As soon as such a signal is heard, an effort should be made to identify its sources 
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and determine its bearing. However, experience in the use of sound signals indi- 
cates that they are not wholly reliable. In particular, relative intensity of a sound is 
not a reliable indication of its distance, or whether the distance is increasing or 
decreasing. A signal may be totally inaudible in certain areas close to its source. 
Neither is its apparent direction always a correct indication of its actual direction. 
A fog signal may not be in operation when fog is present a short distance from a 
station but is unobserved from it. Transmission of sound through water is subject to 
uncertainties due principally to differences in density in different parts of the sea, 
causing the sound to be deflected. 

It is well to remember that at reduced speed the relative effect of current is 
correspondingly greater, since the effect of current is proportional to time, not to 
the speed of the vessel. 

2310. Navigation of small craft.—In principle, the navigation of small craft is 
the same as that of a large ship, but because of the shallower draft, greater 
maneuverability, and possible limitations of equipment of small craft, there are 
important differences. Small craft spend most of their time within sight of land, 
where navigation is largely a matter of piloting. They generally skirt the beach 
close enough to be able to reach safety in case of storm or fog, and since most of 
them are used primarily for pleasure, there is a natural tendency for the navigation 
to be a less continuous process than in larger craft. 

The equipment carried and the type of navigation employed depend primarily 
upon the use of the craft and the preference of the user. If a rowboat, canoe, or 
small sailboat is to be used only close to the shore in good weather, “seaman’s eye” 
might be sufficient for all navigational purposes. But if there is any possibility of 
the craft being out in a fog, or proceeding to greater distances from shore, fog- 
signalling apparatus, a compass, and some means of taking soundings should be 
carried. 

A. wide variety of equipment is available for yachts, and from this, suitable 
items can be selected. A minimum list should include a compass, pelorus, charts, 
plotting equipment (many types are available), means for determining speed or 
distance, log book, tide and tidal current tables, light list, coast pilot or sailing 
directions, hand lead, binoculars, flashlight, and fog-signal apparatus. A barometer 
and thermometer are useful. 

Several items of electronic equipment, some of which are relatively inexpen- 
Sive, are available for use in small craft, to aid in navigation and increase safety. 
The principal item of radio equipment, from the standpoint of safety, is a marine 
radiotelephone, which in addition to providing normal communication to other 
boats and the shore, permits the boat carrying it to call for help in distress, and 
assists in the location of the distressed vessel. The radio direction finder is a simple 
device requiring little power, an important factor on small craft. A multiband 
direction finder may be used as a second receiver in the broadcast and radiotele- 
phone bands. Portable broadcast receivers permit reception of weather information 
on even the smallest boats. For larger craft, where ample power is available, radar 
and Loran may be good investments. In addition, every small craft should carry a 
corner reflector (art. 4207), so as more readily to reflect radar signals. In an 
emergency a metal bucket might be of some value as a reflector. 

If the craft is to proceed out of sight of land for more than short intervals 
celestial navigation equipment should be carried. This includes a sextant, an neal 
rate timepiece, an almanac, sight reduction tables, and perhaps a star finder. If 
there is doubt as to advisability of including some item of equipment, the safer 
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decision is to include it. It is better to have unused equipment than to risk danger 
of becoming lost because of lack of needed equipment. 

The practice of navigation in small craft varies even more widely than the 
equipment carried. The variation extends from complete navigation similar to that 
of a large ocean vessel to no navigation other than by eye. The completeness of the 
navigation should fit the circumstances. There is an understandable tendency 
among small craft navigators of limited experience to underestimate the need for 
thorough and complete navigation. In general, it is good practice for the navigator 
of a small craft to establish the routine of always following definite courses from 
buoy to buoy or from landmark to landmark, so that the sudden onset of low 
visibility will not find him unable to proceed to safety without delay. He should 
change course at established points, maintain knowledge of his position at all times, 
and have reliable information on the deviation of his compass. There is a place in 
small craft navigation for a complete, accurate, neat plot. Where this is impractical 
because of heavy weather or limited plotting space, a careful log and dead reckon- 
ing by table 3 should be substituted. 

The accounts given in yachting magazines, and the large number of calls for 
assistance received by the Coast Guard, indicate an inadequacy of the navigation of 
many small craft. Part of this is due to a lack of appreciation of the need for careful 
navigation. Much of it is due to lack of knowledge on the part of the small craft 
owner. The decision to omit some part of navigation should stem from knowledge, 
not ignorance. To the adequately informed, navigation can be part of the pleasure 
of yachting. 
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SHIP WEATHER ROUTING 


2401. Introduction.—Ship weather routing is a procedure whereby an optimum 
route is developed based on the forecasts of weather and seas and the ship’s 
characteristics for a particular transit. Within specified limits of weather and sea 
conditions, the term optimum is used to mean maximum safety and crew comfort, 
minimum fuel consumption, minimum time underway, or any desired combination 
of these factors. 

The ship routing agency, acting as an advisory service, attempts to avoid or 
reduce the effects of adverse weather and sea conditions on a ship by issuing initial 
route recommendations prior to sailing, recommendations for track changes while 
underway (diversions), and weather advisories to alert the commanding officer or 
master with respect to approaching unfavorable weather and sea conditions which 
cannot be effectively avoided by a diversion. Adverse weather and sea conditions 
are defined as those conditions which will cause a significant speed reduction or 
time loss, for example, speed reduced by one third or a lesser speed reduction 
causing a loss of at least 6 hours transit time. 

The initial route recommendation is based on a survey of weather and sea 
forecasts between the point of departure and the destination and takes into account 
the hull type, speed capability, cargo, and loading conditions. The ship’s progress is 
continually monitored and, if adverse weather and sea conditions are forecast along 
the ship’s current track, a recommendation for a diversion is normally transmitted 
to the ship. By this process of initial route selection and continued monitoring of 
the ship’s progress for possible change in relation to the forecast weather and sea 
conditions along a route, it is possible to maximize ship’s speed and safety. 

In providing optimum sailing conditions, the advisory service also attempts to 
reduce transit time by avoiding the adverse conditions which may be encountered 
on a shorter route; or if the forecasts permit, diverting to a shorter track to take 
advantage of favorable weather and sea conditions. The greatest potential advan- 
tage for this ship weather routing exists when: (1) the passage is relatively long, 
generally about 1,500 miles or more; (2) the waters are navigationally unrestricted 
so that there is a choice of routes (alternatively, navigational restrictions are 
limiting but at the same time offer possible protection from adverse weather); and 
(3) weather is a factor in determining the route to be followed. 

The use of this advisory service in no way should relieve the commanding 
officer or master of responsibility for prudent seamanship and safe navigation. 
There is no intent by the routing agency to inhibit the exercise of professional 
judgement, capabilities, and the prerogatives of commanding officers and masters. 

The purpose of this chapter is to acquaint the mariner with the basic philoso- 
phy and procedures of ship weather routing as an aid to his understanding of the 
ship routing agency’s recommendations. This information should enhance his abili- 
ty to determine the correct course of action when encountering a hostile environ- 
ment. 
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2402. Development.—Today, ship weather routing uses modern weather fore- 
casting techniques and computer procedures to provide optimum routes. It has only 
been with the recent advent of extended range forecasting and the development of 
selective climatology that a ship routing system has been possible. The ability to 
effectively advise ships to take advantage of favorable wind, seas, and ocean cur- 
rents had been hampered previously by forecast limitations and the lack of an 
effective communications system with which to advise the commanding officer or 
master. 

Prior to World War II all development work was in the area of data accumula- 
tion and climatology. Benjamin Franklin, as deputy postmaster general of the 
British Colonies in North America produced a chart of the Gulf Stream from 
information supplied by masters of New England whaling ships. This first mapping 
of the Gulf Stream helped improve the mail packet service between the British 
Colonies and England. In some passages the sailing time was reduced by as much as 
14 days over routes previously sailed. In the mid-19th century, Lieutenant Matthew 
Fontaine Maury, USN, compiled large amounts of atmospheric and oceanographic 
data from ships’ log books (art. 117). For the first time a climatology of ocean 
weather and currents of the world was available to the mariner. This information 
was used by Maury to develop seasonally recommended routes for sailing ships and 
early steam powered vessels in the latter half of the century. In many cases, 
Maury’s charts were proved correct by the savings in transit time. On one trade 
route alone, the average transit time from New York to California around Cape 
Horn was reduced from 183 days to 139 days with the use of his recommended 
seasonal routes. 

In the 1950’s the concept of ship weather routing was put into operation by 
several private meteorological groups and by the U. S. Navy. By applying the 
available surface and upper air forecasts to transoceanic shipping, it was possible to 
effectively avoid much of the heavy weather while generally sailing shorter routes 
than previously. 

Optimum Track Ship Routing (OTSR), the ship routing service of the U. S. 
Navy, utilizes short range and extended range forecasting techniques in the route 
selection and surveillance procedures. The short range dynamic forecasts of 3 to 5 
days are derived from the meteorological primitive equations. These forecasts are 
computed twice daily from a data base of northern hemisphere surface and upper 
air observations, and include surface pressure, upper air constant pressure heights, 
and the spectral wave values. A significant increase in data input, particularly from 
derived satellite information over ocean areas, Can be expected to extend the time 
period for which these forecasts are useful. 

For extended range forecasting, generally 3 to 14 days, a computer searches a 
library of historical northern hemisphere surface pressure and 500 millibar analy- 
ses for an analogous weather pattern. This is an attempt at selective climatology by 
matching the current weather pattern with past weather patterns and providing a 
logical sequence-of-events forecast for the 10- to 14-day period following the dynamic 
forecast. It is performed for both the Atlantic and Pacific Oceans using climatologi- 
cal data for the entire period of data stored on tape (30 years in use in 1977). For 
longer ocean transits, monthly climatological values of wind, seas, fog, and ocean 
currents are used to further extend the time range. 

Aviation was first in applying the principle of minimum time tracks (MTT) toa 
changing wind field. But the problem of finding an MTT for a specific flight is 
much simpler than for a transoceanic ship passage. This is because aircraft flight 
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time is only hours, while the ship transit time is usually 7 to 14 days or more. Thus, 
marine minimum time tracks require significantly longer range forecasts to effec- 
tively develop a best weather-least cost route. 

Automation has enabled ship routing agencies to develop realistic minimum 
time tracks. Computation of minimum time tracks for proposed transits or ships 
already underway makes use of: 

1. a navigation system to compute route distance, time enroute, estimated times 
of arrival (ETA’s), and to provide 6 hourly DR synoptic positions for the range of 
the dynamic forecasts for the ship’s current track; 

2. a surveillance system which surveys the environmental factors of wind, seas, 
fog, and ocean currents obtained from the dynamic and climatological fields; 

3. an environmental constraint system imposed as part of the route selection 
and surveillance process. Constraints are the upper limits of wind and seas desired 
for the transit and are determined by the ship’s loading, speed capability, and 
vulnerability. The constraint system is an important part of the route selection 
process and acts as a warning system when the weather and sea forecast along the 
present track is such that the ship is expected to transit an area which exceeds 
those predetermined limits; 

4. ship performance curves, or speed curves, used to approximate ship’s speed of 
advance (SOA) while transiting the forecast sea states. 

Ship weather routing services are being offered as an aid to shipping by the 
governments of many nations. These include Japan, United Kingdom, Union of 
Soviet Socialist Republics, Netherlands, Federal Republic of Germany, and the 
United States. Also, several private firms provide the service to shipping industry 
clients. 

2403. Ship and cargo considerations.—Ship and cargo characteristics have a 
significant influence on the application of ship weather routing. Ship size, speed 
capability, and type of cargo are important considerations in the route selection 
process prior to sailing and the surveillance procedure while underway. These ship 
characteristic factors help to identify the degree of vulnerability to potential ad- 
verse conditions and the ship’s ability to effectively avoid the adverse weather and 
seas by diversion. 

Generally, ships with higher speed capability and less cargo encumbrances will 
have shorter routes and be better able to maintain near normal SOA’s than ships 
with lower speed capability or cargos which may generate unfavorable ship motions 
resulting from wind and sea conditions. Some routes are unique because of the type 
of ship or cargo. Avoiding one element of weather such as heavy head or beam seas 
to reduce pounding or rolling may be of prime importance. For example, a 20-knot 
ship with a deck cargo may be severely hampered in its ability to maintain a 20- 
knot SOA in any seas exceeding moderate head or beam seas because of the greater 
ship motions or other effects resulting from the deck load’s characteristics. A 
similar ship without the deck load is not as vulnerable to these same or higher sea 
conditions and is able to nearly maintain the 20-knot SOA. In towing operations, a 
tug is more vulnerable to adverse weather and sea conditions, not only in consider- 
ation for the tow, but also because of its already limited speed capability and the 
difficulty in effectively avoiding adverse weather and sea conditions by a diversion. 

Ship performance curves (speed curves) are used to estimate the ship’s SOA 
while transiting the forecast sea states. The curves indicate the effect of head 
beam, and following seas of various significant wave heights on the ship’s Epeed 
Figure 2403 is a performance curve prepared for an 18-knot vessel. 
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Ficure 2403.—Performance curves for head, beam, and following seas (18-knot vessel). 


With the aid of the speed curves it is possible to determine just how costly a 
diversion will be in terms of the required distance and time. A diversion may not be 
necessary where the duration of the adverse conditions is limited. In this case, it 
may be better to ride out the weather and seas knowing that a diversion, even if 
able to maintain the normal SOA, will not overcome the increased distance and 
time required by the diversion. 

At other times, the diversion track is less costly because it avoids an area of 
adverse weather and sea conditions while being able to maintain normal SOA even 
though the distance to destination is increased. Based on input data for environ- 
mental conditions and ship’s behavior, route selection and surveillance techniques 
seek to achieve the optimum balance between time and distance and acceptable 
environmental and seakeeping conditions. Although speed performance curves are 
an aid to the ship routing agency, the response by mariners to deteriorating 
weather and sea conditions is not uniform. Some reduce speed voluntarily or 
change heading sooner than others when unfavorable conditions are encountered. 
Certain waves with characteristics such that the ship’s bow and stern are in 
successive crests and troughs present special problems for the mariner. Being 
nearly equal to the ship’s length, such wavelengths may induce very dangerous 
stresses. The degree of hogging and sagging may be more apparent to the mariner 
than to the ship routing agency. Therefore, adjustment in course and speed for a 
more favorable ride may be initiated by the ‘commanding officer or master when 
this situation is encountered. 

2404. Environmental factors of importance to ship weather routing are those 
elements of the atmosphere and ocean that may produce a change in the status of a 
ship transit. In ship routing, consideration is given to wind, seas, fog, ice, and ocean 
currents. While all of the environmental factors are important for route selection 
and surveillance, optimum routing is normally considered attained if the effects of 


wind and seas can be optimized. 
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The effect of wind speed on ship performance is in some respects difficult to 
determine. In light winds (less than 20-knots), ships lose speed in headwinds and 
gain speed slightly in following winds. For higher wind speeds, ship speed is 
reduced in both head and following winds. This is due to the increased wave action 
and indicates the importance of sea conditions in determining ship performance. In 
dealing with wind, it is also necessary to know the ship’s sail area. For example, 
high winds will have a greater adverse effect on a large, fully loaded container ship 
than a large, fully loaded tanker of similar length. 

Wave height is the major factor affecting ship performance. Wave action is 
responsible for ship motions that reduce propeller thrust. The relationship of ship 
speed to wave direction and height is similar to that of wind. Head seas reduce ship 
speed, while following seas increase ship speed only slightly. In heavy seas, exact 
performance may be difficult to predict because of the adjustments to course and 
speed for shiphandling and comfort. Although the effect of sea and swell is much 
greater than wind, it is difficult to separate the two in ship routing. 

In an effort to provide a more detailed description of the actual and forecast 
sea state, Fleet Numerical Oceanography Center, Monterey, California, uses the 
Spectral Ocean Wave Model (SOWM) for the U. S. Navy’s Optimum Track Ship 
Routing service. The spectral wave model provides energy values from 12 different 
directions (30° sectors) and 15 frequency bands for wave periods from 6 to 26 
seconds with the total wave energy being propagated throughout the grid system as 
a function of direction and frequency. It is based on the analyzed and forecast 
planetary boundary layer model wind fields and is produced for the Northern 
Hemisphere. For OTSR purposes, primary and secondary waves are derived from 
the spectral wave program, where the primary wave train has the principal energy 
(direction and frequency), and the secondary has to be 20 percent of the primary. 

Fog, while not directly affecting ship performance, should be avoided as much 
as feasible in order to maintain normal speed in safe conditions. Extensive areas of 
fog during summertime can be avoided by selecting a lower latitude route than one 
based solely upon wind and seas. Although the route may be longer, transit time 
may be less due to not having to reduce speed in areas of very low visibility for 
safety considerations. 

Ocean currents do not present a significant routing problem, but they can be a 
determining factor in route selection and diversion. This is especially true when the 
points of departure and destination are at relatively low latitude. The important 
considerations to be evaluated are the difference in distance between a great-circle 
route and a route selected for optimum current, with the expected increase in SOA 
from the following current, and the decreased probability of a diversion for weather 
and seas at the lower latitude. For example, it has proven beneficial to remain 
equatorward of approximately 22°N for westbound passages between the Canal 
Zone and southwest Pacific ports. For eastbound passages, if the maximum latitude 
on a great-circle track from the southwest Pacific to the Canal Zone is below 24°N, 
a route passing near the axis of the Equatorial Countercurrent is practical because 
the increased distance is offset by favorable current. Direction and speed of ocean 
currents are more predictable than wind and seas, but some variableness is to be 
expected. Major ocean currents can be disrupted for several days by very intense 
weather systems such as hurricanes and typhoons. 

The problem of ice is twofold: floating ice (icebergs) and deck ice (art. 3825). If 
possible, areas of icebergs or pack ice should be avoided because of the difficulty of — 
detection and the potential for disaster. Deck ice may be more difficult to contend 


SHIP WEATHER ROUTING 689 


with from a ship routing point of view because it is caused by freezing weather 
associated with a large weather system. While mostly a nuisance factor on large 
ships, it may cause significant problems with the stability of small ships. 

Generally, the higher the latitude of a route, even in the summer, the greater 
are the problems with the environment. Certain operations should benefit from 
seasonal planning as well as optimum routing. For example, towing operations 
poleward of about 40° latitude should be avoided in non-summer months as much as 
possible. 

2405. Synoptic weather considerations.—A ship routing agency should direct 
its forecasting skills to avoiding or limiting the effect of weather and seas associated 
with extratropical low pressure systems in the mid or higher latitudes and the 
tropical systems in low latitudes by route selection and diversion. Seasonal or 
monsoon weather is also a definite factor in route selection and diversion in certain 
areas of the world’s oceans. 

Despite the amount of attention and publicity given to tropical cyclones, 
midlatitude low pressure systems generally present more difficult problems to a 
ship routing agency. This is primarily due to the fact that major ship traffic is 
sailing in the latitudes of the migrating low pressure systems and the amount of 
potential exposure to intense weather systems, especially in winter, is much great- 
er. 

Low pressure systems weaker than gale intensity (winds less than 34 knots) are 
not a severe problem for most ships. However, a relatively weak system may 
generate prolonged periods of rough seas which are uncomfortable and may hamper 
normal work aboard ship. Ship weather routing can frequently limit rough condi- 
tions to short periods of time and provide more favorable conditions for most of the 
transit. Relatively small ships, tugs with tows, low powered ships, and ships with 
sensitive cargoes can be significantly affected by weather systems weaker than gale 
intensity. Use of a routing agency, or at least giving careful attention to the latest 
weather information, is considered very prudent and can be beneficial. 

Gales (winds 34 to 47 knots) and storms (winds greater than 48 knots) are of 
such intensity that they generate very rough or high seas which force a reduction 
in speed in order to gain a more comfortable and safe ride. Because of the extensive 
geographic area covered by a well developed, intense, low pressure system, once 
ship’s speed is reduced, the ability to improve the ship’s situation is severely 
hampered. Thus, exposure to potential damage and danger is greatly increased. A 
recommendation for a diversion by a routing agency, well in advance of the intense 
weather and associated seas, will limit the duration of exposure of the ship to 
potential problems. If effective, ship speed will not be reduced and satisfactory 
progress will be maintained, even though the remaining distance to destination is 
increased. Overall transit time is usually shorter than if no track change had been 
made and the ship had remained in heavy weather. In some cases diversions are 
made to avoid adverse weather conditions and shorten the track at the same time. 
Significant savings can be the result. 

In very intense low pressure systems with high winds and long duration over a 
long fetch, seas will be generated and propagated as swell over considerable dis- 
tances. Even on a diversion, it is difficult to effectively avoid all unfavorable 
conditions. Generally, original routes for transoceanic passages issued by the U.S. 
Navy’s ship routing service are equatorward of the 10% frequency isoline for gale 
force winds for the month of transit as interpreted from the U. S. Navy Marine 
Climatic Atlas of the World. These are shown in figures 2405a and 2405b for the 
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Pacific. To avoid the area of significant gale activity in the Atlantic from October to 
April, the latitude of transit is generally in the lower thirties. 

The areas and seasons and, to some degree, the probability of development of 
tropical cyclones are fairly well defined in climatological publications. In long range 
planning considerable benefit can be gained by limiting the exposure to the poten- 
tial hazards of tropical systems. 

For routing in the North Pacific it has proven very helpful to provide routes 
which avoid the areas with the greatest probability of tropical cyclone formation. 
Avoiding existing tropical cyclones with a history of 24 hours or more of 6-hourly 
warnings is in most cases relatively straightforward. The concern is largely the 
price to pay in added time and distance to maintain satisfactory conditions. Howev- 
er, when transiting the tropical cyclone generating area the ship under routing may 
provide the first report of environmental conditions indicating that a new disturb- 
nace is developing. In the eastern North Pacific the generating area for a high 
percentage of tropical cyclones is relatively compact (fig. 2405c). It has proven 
beneficial on certain ocean transits (Canal Zone to or from mid or western North 
Pacific ports) to remain equatorward of a line from lat. 9°N, long. 90°W to lat. 14°N, 
long. 115°W. In the western North Pacific, again depending on the point of depar- 
ture of destination, it is advisable to hold north of 22°N when no tropical systems 
are known to exist (fig. 2405d). 

In the Atlantic, it is considered prudent to sail near the axis of the Bermuda 
high or northward to avoid the area of formation of tropical cyclones. By remaining 
clear of these generating areas initially, it alleviates the problem of attempting to 
provide a diversion to a ship that may be in close proximity to a developing tropical 
system. Also, the distance and time lost will be much greater on a diversion than if 
the route had originally avoided the generating area. Avoiding any existing tropical 
cyclone takes precedence over avoiding the general area of potential development. 

It has proven equally beneficial to employ similar considerations for routing in 
the monsoon areas of the Indian Ocean and the South China Sea. This is accom- 
plished by providing routes and diversions that generally avoid the areas of high 
frequency of gale force winds and associated heavy seas as much as feasible. Ships 
are then able to remain in satisfactory conditions with only limited increases in 
route distance. 

Depending upon the points of departure and destination, there are many com- 
binations of routes that can be recommended when transiting the northern Indian 
Ocean (Arabian Sea, Bay of Bengal) and the South China Sea. For example, in the 
Arabian Sea during the summer monsoon, routes to and from the Red Sea, the 
western Pacific, and the eastern Indian Ocean should hold equatorward. Ships 
proceeding to the Persian Gulf during this period are held farther south and west, 
attempting to put the heaviest seas on the quarter or stern when transiting the 
Arabian Sea. Eastbound ships departing the Persian Gulf may proceed generally 
east southeast toward the Indian sub-continent then south, to pass north and east of 
the highest southwesterly seas in the Arabian Sea. Westbound ships out of the 
Persian Gulf for the Cape of Good Hope appear to have little choice in routes unless 
considerable distance is added to the transit by passing east of the highest seas. In 
the winter monsoon, routes to or from the Red Sea for the western Pacific and the 
Indian Ocean are held farther north in the Arabian Sea to avoid the highest seas. 
Ships proceeding to the Persian Gulf from the western Pacific and eastern Indian 
Ocean may hold more eastward when proceeding north in the Arabian Sea. Ships © 
departing the Persian Gulf area will have considerably less difficulty than during 
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the summer monsoon. Similar considerations can be given when routing ships 
proceeding to and from the Bay of Bengal. Refer to sailing directions for recom- 
mended routes in the Indian Ocean. 

In the South China Sea, transits via the Palawan Passage are given consider- 
ation when strong, opposing wind and seas are forecast. This is especially true 
during the winter monsoon. 

During periods when the major monsoon flow is slack, ships can be diverted to 
the shortest track as conditions permit. 

2406. Special weather and environmental considerations.—In addition to the 
synoptic weather considerations in ship weather routing, there are special environ- 
mental problems that can be avoided by following recommendations and advisories 
of ship routing agencies. These problems generally cover a smaller geographic area 
and are seasonal in nature but are still quite important to ship routing. 

In the North Atlantic, because of heavy shipping traffic, frequent poor visibility 
in rain or fog, and restricted navigation, particularly east of Dover Strait, some 
mariners prefer to transit to or from the North Sea via Pentland Firth passing 
north of the British Isles rather than via the English Channel. 

Weather routed ships generally avoid the area of dense fog with low visibility 
in the vicinity of the Grand Banks off Newfoundland and the area east of Japan 
north of 35°N. Fishing vessels in these two areas provide an added hazard to safe 
navigation. This condition exists primarily from June through August and some- 
times into September. Arctic supply ships en route from the U. S. east coast to the 
Davis Strait-Baffin Bay area in the summer frequently transit via Cabot Strait and 
the Strait of Belle Isle where navigation aids are available and icebergs are general- 
ly grounded. 

Icebergs are a definite hazard in the North Atlantic from late February 
through June and occasionally later. Although there is considerable variation be- 
tween years in time and geographic area, the hazard of floating ice is frequently 
combined with restricted visibility in fog. International Ice Patrol reports and 
warnings are incorporated into the planning of routes to safely avoid dangerous 
iceberg areas. It is usually necessary to hold south of at least 45°N until well 
southeast of Newfoundland. The U. S. Navy Atlantic ship routing office at Naval 
Eastern Oceanography Center Norfolk maintains a safety margin of at least 100 
miles from icebergs reported by the International Ice Patrol. In a severe winter, the 
Denmark Strait may be closed by fixed ice. 

In the northern hemisphere winter, a strong high pressure system moving 
southeast out of the Rocky Mountains brings cold air down across Central America 
and the western Gulf of Mexico producing gale force winds in the Gulf of Tehuante- 
pec. This fall wind is similar to the pampero, mistral, and bora of other areas of the 
world. A diversion or adjustment to ship’s track can successfully avoid the highest 
seas associated with the Tehuantepecer. For transits between the Canal Zone and 
northwest Pacific ports, little additional distance is required to avoid this area (in 
winter) by remaining south of at least 12°N when crossing 97°W. While avoiding the 
highest seas some unfavorable swell conditions may be encountered south of this 
line. Transits between the Panama Canal and North American west coast ports can 
pass north near the coast of the Gulf of Tehuantepec to avoid the heavy seas during 
periods of gale conditions, but will still encounter high relative winds. 

In the summer, the semi-permanent high pressure systems over the world’s 
oceans produce strong equatorward flow along the west coasts of continents. This 
feature is most pronounced off the coast of California (U. S. west coast) and 
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Portugal in the Northern Hemisphere; Chile, western Australia, and southwest 
Africa in the Southern Hemisphere. Very rough seas are generated and are consid- 
ered a definite factor in route selection or diversion when transiting these areas. 

During the nonsummer months, a strong, cold outbreak off the land to relative- 
ly warmer water may occur which produces low pressure areas in the western 
Atlantic and Pacific. Occasionally, these are small but intense systems which devel- 
op rapidly and move much faster than normal, creating adverse weather and sea 
conditions for ships departing and arriving in these areas. Attention to coastal or 
area forecasts and the ship’s own weather observations may be the first indication 
of this type of situation. 

2407. Recommendations and advisories.—The recommendations and advisories 
issued by a ship routing agency are intended to provide the ship with timely route 
recommendations, diversions, and weather forecasts. It is by this method of direct 
involvement that the ship routing agency contributes to efficient shipping oper- 
ations by avoiding or limiting the effect of adverse weather and sea conditions. 

An initial route recommendation is issued to a ship or routing authority nor- 
mally 48 to 72 hours prior to sailing and begins the process of surveillance. The 
surveillance procedure is a continual process and is maintained until the ship 
arrives at its destination. Initial route recommendations are a composite represen- 
tation of experience, climatology, weather and seas forecasts, operational concerns, 
and the ship’s characteristics. A planning route is a route recommendation that is 
intended to provide a best estimate of a realistic route for a specific transit period. 
Such routes are provided when estimated dates of departure (EDD’s) are given to 
the routing agency well in advance of departure, usually a week to several months. 
Long range planning routes are based more on seasonal and climatological expecta- 
tions than the current weather situation. While planning routes are an attempt at 
making extended range (more than a week) or long range (more than a month) 
forecasts, these recommendations are likely to have some revision near the time of 
departure to reflect the current synoptic weather pattern. An initial route recom- 
mendation is more closely related to the current synoptic weather patterns by using 
the latest dynamic forecasts than are the planning route recommendations. These, 
too, are subject to revision prior to sailing if weather and sea conditions warrant. 

Adjustment of departure time is a recommendation for delay in departure, or 
early departure if feasible, and is intended to avoid or significantly reduce the 
adverse weather and seas forecast on the first porticn of the route if sailing on the 
original EDD. The initial route is not revised, only the timing of the ship’s transit 
through an area with currently unfavorable weather conditions. Adjusting the 
departure time is an effective method of avoiding a potentially hazardous situation 
where there is no optimum route for sailing at the originally scheduled time. 

A diversion is an underway adjustment in track and is intended to avoid or 
limit the effect of adverse weather conditions forecast to be encountered along the 
ship’s current track. Ship’s speed is expected to be reduced by the encounter with 
the heavy weather. In most cases the distance to destination is increased in at- 
tempting to avoid the adverse weather, but this is partially overcome by being able 
to maintain near normal SOA. Diversions should also be recommended where 
satisfactory weather and sea conditions are forecast on a shorter track. 

Adjustment of SOA is a recommendation for slowing or increasing the ship’s 
speed as much as practicable in an attempt to avoid an adverse weather situation 
by adjusting the timing of the encounter. This is also an effective means of main- 
taining maximum ship operating efficiency and not diverting from the present 
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ship's track. By adjusting the SOA, a major weather system can sometimes be 
avoided with no increase in distance. The development of fast ships (SOA greater 
than 30 knots) gives the ship routing agency the potential to “make the ship’s 
weather” by adjusting the ship’s speed and track for encounter with favorable 
weather conditions or ship response factors. 

Evasion is a recommendation to the commanding officer or master to take 
independent action to avoid, as much as possible, a potentially dangerous weather 
system. The ship routing meteorologist may recommend a general direction for safe 
evasion but does not specify an exact track. The recommendation for evasion is an 
indication that the weather and sea conditions have deteriorated to a point where 
shiphandling and safety are the primary considerations and progress toward desti- 
nation has been temporarily suspended or is at least of secondary consideration. 

A weather advisory is a transmission sent to the ship advising the commanding 
officer or master of expected adverse conditions, their duration, and geographic 
extent. It is initiated by the ship routing agency as a service and an aid to the ship. 
The best example of a situation for which a forecast will be helpful is when the ship 
is currently in good weather but adverse weather is expected within 24 hours for 
which a diversion is not being recommended or, a diversion where adverse weather 
conditions are still expected. This type of advisory may include a synoptic weather 
discussion and a wind, seas, or fog forecast. 

The ability of the routing agency to achieve optimum conditions for the ship is 
aided by the commanding officer or master adjusting course and speed where 
necessary for an efficient and safe ride. At times, the local sea conditions may 
dictate that the commanding officer or master take independent action. 

2408. Southern Hemisphere.—Available data on which to base analyses and 
forecasts is generally very limited in the Southern Hemisphere. Weather informa- 
tion obtained from satellites offers the possibility of improvement in southern 
hemisphere forecast products. 

Passages south of the Cape of Good Hope and Cape Horn should be timed to 
avoid heavy weather as much as possible since intense and frequent low pressure 
systems are common in these areas. In particular, near the southeast coasts of 
Africa and South America, intense low pressure systems form in the lee of relative- 
ly high terrain near the coasts of both continents. Winter transits south of Cape 
Horn are difficult since the time required at relatively higher latitudes is longer 
than the typical time interval between storms. Remaining equatorward of about 
35°S as much as practicable will limit exposure to adverse conditions. If the fre- 
quency of lows passing these areas is one every three or four days, the probability 
of encountering heavy weather is high. 

Tropical cyclones in the Southern Hemisphere present a significant problem 
because of the sparse surface and upper air observations from which forecasts can 
be made. Satellites provide the most reliable means by which to obtain accurate 
positions of tropical systems and also give the first indication of tropical cyclone 
formation. 

In the Southern Hemisphere, OTSR and other ship weather routing services 
are available but are limited in their full application because of sparse data reports 
from which reliable short range and extended range forecasts can be produced. 
Strong climatological consideration is usually given to any proposed southern hemi- 
sphere transit. OTSR procedures (art. 2402) for the Northern Hemisphere can be 
instituted in the Southern Hemisphere whenever justified by basic data input and 


available forecast models. 
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2409. Communications.—A vital part of a ship routing service is communica- 
tions between the ship underway and the routing agency. Reports from the ship 
give the progress and ability to.proceed in existing conditions. Weather reports 
enrich the basic data collection on which analyses are based and forecasts derived 
in turn. 

Despite all efforts to achieve the best forecasts possible, the quality of forecasts 
does not always warrant maintaining the route selected prior to departure until 
reaching destination. In the U. S. Navy’s ship routing program, experience shows 
that one-third of the ships routed receive some operational or weather dependent 
change while underway. 

The routing agency needs reports of the ship’s position and the ability to 
transmit recommendations for track change or weather advisories to the ship. The 
ship needs send and receive capability for the required information. Information on 
seakeeping changes initiated by the ship is desirable in a coordinated effort to 
provide optimum transit conditions. 

2410. Benefits.—The benefits of ship weather routing services are basically cost 
reduction and safety. The savings in operating costs are derived from reductions in 
transit time, heavy weather encounters, fuel consumption, cargo and hull damage, 
and more efficient scheduling of dockside activities. The savings are further in- 
creased by fewer emergency repairs, more efficient use of personnel, improved 
topside working conditions, lower insurance rates as preferred risks under weather 
routing, and ultimately extended ship operating life. 

An effective routing service maximizes safety by greatly reducing the probabili- 
ty of severe or catastrophic damage to the ship and injury to crew members. 

2411. Conclusion.—The success of ship weather routing is dependent upon the 
validity of the forecasts and the routing agency’s ability to make appropriate route 
recommendations and diversions. Anticipated improvements in a routing agency’s 
recommendations will come from advancements in meteorology, technology, and the 
application of ocean wave forecast models. 

Advancements in mathematical meteorology coupled with the continued appli- 
cation of computers will extend the time range and skill of the dynamic and 
statistical forecasts. 

Technological advancements in the areas of satellite and automated communi- 
cations, and onboard ship response systems will increase the amount and type of 
information to and from the ship with fewer delays. An onboard ship response 
system will enable the commanding officer or master to effectively select the course 
and speed required to conserve fuel and provide the best ride while making satisfac- 
tory progress on the track recommended by the routing agency. Ship response and 
performance data included with the ship’s weather report will provide the routing 
agency with real time information with which to ascertain the actual state of the 
ship. Being able to predict*a ship’s response in most weather and sea conditions will 
result in improved routing procedures. 

Shipboard and anchored wave measuring devices contribute to the development 
of ocean wave analysis and forecast models. Shipboard seakeeping instrumentation 
with input of measured wave conditions and predetermined ship response data for 
the particular hull enables a master or commanding officer to adjust course and 
speed for actual conditions. 

Modern ship designs, exotic (nonstandard) cargoes, and sophisticated transport © 
methods require individual attention to each ship’s areas of vulnerability. Any 
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improvement in the description of sea conditions by ocean wave models will im- 
prove the output from ship routing and seakeeping systems. 

Advanced planning of a proposed transit combined with the study of expected 
weather conditions, both before and during the voyage, as is done by ship routing 
agencies, and careful on board attention to seakeeping (with instrumentation if 


available) provide the greatest opportunity to achieve the goal of optimum environ- 
mental conditions for ocean transit. 
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CHAPTER XXV 


POLAR NAVIGATION 


Polar Regions 


2501. Introduction.—No single definition of the limits of the polar regions 
satisfies the needs of all who are interested in these areas. Astronomically, the 
parallels of latitude at which the sun becomes circumpolar (the Arctic and Antarc- 
tic Circles at about latitude 67°5) are considered the lower limits. Meteorologically, 
the limits are irregular lines which, in the Arctic, coincides approximately with the 
tree line. For general purposes, the navigator may consider polar regions as extend- 
ing from the geographical poles of the earth to latitude 70° (in the Arctic coinciding 
approximately with the northern coast of Alaska), with transitional subpolar re- 
gions extending for an additional 10° (in the Northern Hemisphere extending to the 
southern tip of Greenland), 

This chapter deals primarily with marine navigation in high latitudes. 

2502. Polar geography.—The north polar region, the Arctic, consists of an 
elongated central water area a little smaller than the United States, almost com- 
pletely surrounded by land (fig. 2502a). Some of this land is high and rugged with 
permanent ice caps, but part of it is low and marshy when thawed. Underlying 
permafrost, permanently frozen ground, prevents adequate drainage, resulting in 
large numbers of lakes and ponds and extensive areas of muskeg, soft spongy 
ground with characteristic growths of certain types of moss and tufts of grass or 
sedge. There are also large areas of tundra, low treeless plains with vegetation 
consisting of mosses, lichens, shrubs, willows, etc., and usually having an underly- 
ing layer of permafrost. The northernmost point of land is Kap Morris Jessup, 
Greenland, about 380 nautical miles from the pole. 

The central part of the Arctic Ocean, as the body of water is called, is a basin 
of about 12,000 feet average depth. However, the bottom is not level, having a 
number of seamounts and deeps. The greatest depth is probably a little more than 
16,000 feet. At the North Pole the depth is 14,150 feet. Surrounding the polar basin 
is an extensive continental shelf, broken only in the area between Greenland and 
Svalbard (Spitsbergen). The many islands of the Canadian archipelago are on this 
shelf. The Greenland Sea, east of Greenland; Baffin Bay, west of Greenland; and the 
Bering Sea, north of the Aleutians, each has its independent basin. In a sense, the 
Arctic Ocean is an arm of the Atlantic, as shown in figure 2502a. 

The south polar region, the Antarctic, is in marked contrast to the Arctic in 
physiographical features. Here a high, mountainous land mass about twice the area 
of the United States is surrounded by water (fig. 2502b). An extensive polar plateau 
covered with snow and ice is about 10,000 feet high. There are several mountain 
ranges with peaks rising to heights of more than 13,000 feet. The average height of 
Antarctica is about 6,000 feet, which is higher than any other continent. The height 
at the South Pole is about 9,500 feet. The barrier presented by land and tremendous 
ice shelves 500 to 1,000 feet thick prevent ships from reaching very high latitudes. - 
Much of the coast of Antarctica is high and rugged, with few good harbors or 
anchorages. 
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FiGuRE 2502a.—The north polar region, or Arctic. 


2503. Navigation in polar regions.—Special techniques have been developed to 
adapt navigation to the unique conditions of polar regions. These conditions are 
largely the result of (1) high latitude, and (2) meteorological factors. 

2504. High-latitude effects.—Much of the thinking of the marine navigator is in 
terms of the “rectangular” world of the Mercator projection, on which the merid- 
ians are equally spaced, vertical lines perpendicular to the horizontal parallels of 
latitude. Directions are measured relative to the meridians, and are maintained by 
means of a magnetic or gyrocompass. A straight line on the chart is a rhumb line, 
the line used for ordinary purposes of navigation. Celestial bodies rise above the 
eastern horizon, climb to a maximum altitude often high in the sky as they cross 
the celestial meridian, and set below the western horizon. By this motion the sun 
divides the day naturally into two roughly equal periods of daylight and darkness, 
separated by relatively short transitional periods of twilight. The hour of the day is 
associated with this daily motion of the sun. 

In polar regions conditions are different. Meridians all converge at the poles, 
which are centers of series of concentric circles constituting the parallels of lati- 
tude. The rapid convergence of the meridians renders the usual convention of 
direction inadequate for some purposes. A rhumb line is a curve which differs 
noticeably from a great circle, even for short distances. Even visual bearings cannot 
adequately be represented as rhumb lines. At the pole all directions are south or 
north, depending upon the pole. Direction in the usual sense is replaced by longi- 
tude. 

At the pole the zenith and celestial pole coincide. Hence, the celestial horizon 
and celestial equator also coincide, and declination and computed altitude are the 
same. Therefore, celestial bodies change computed altitude only by changing decli- 
nation. Stars circle the sky without noticeable change in altitude. Planets rise and 
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Figure 2502b.—The south polar region, or Antarctic. 


set once each sidereal period (12 years for Jupiter, 30 years for Saturn). At the 
North Pole the sungrises about March 21, slowly spirals to a maximum altitude of 
about 23°27’ near June 21, slowly spirals downward to the horizon about September 
23, and then disappears for another six months. At the South Pole a similar cycle 
takes place but during the opposite time of year. It requires about 32 hours for the 
sun to cross the horizon, during which time it circles the sky 1% times. The twilight 
periods following sunset and preceding sunrise last for several weeks. The moon 
rises and sets about once each month. Only celestial bodies of north declination are 
visible at the North Pole; only bodies of south declination are visible at the South 
Pole. 

The long polar night is not wholly dark. The full moon at this time rises 
relatively high in the sky. Light from the aurora borealis in the Arctic and the 
aurora australis in thé Antarctic is often quite bright, occasionally exceeding that 
of the full moon. Even the planets and stars contribute an appreciable amount of 
light in this area where a snow cover provides an excellent reflecting surface. 

All time zones, like all meridians, meet at the poles. Local time does not have 
its usual significance, since the hour of the day bears no relation to periods of light 
and darkness or to altitude of celestial bodies. 

2505. Meteorological effects.—Polar regions are cold, but the temperature at 
sea is not as extreme as inland. The average winter temperature over the Arctic 
Ocean is (—)30°F to (—)40°F, with an extreme low value near (—)60°F. Colder 
temperatures have been recorded in Yellowstone National Park. During the 
summer the temperature remains above freezing over the ocean. Inland, extreme 
values are sometimes reached. At least one point on the Arctic Circle has experi- 
enced a temperature of 100°F. Few points on the Antarctic Continent have recorded 
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temperatures above freezing, and the interior is probably the coldest part of the 
world. 

Fog and clouds are common in polar regions, yet there is less precipitation than 
in some desert regions, since the cold air has small capacity for holding moisture. 
Very cold air over open water sometimes produces steaming of the surface, occa- 
sionally to a height of several hundred feet. This is called frost smoke or sea smoke 
(fig. 2505). When there is no fog or frost smoke, the visibility is often excellent. 
Sounds can sometimes be heard at great distances. 


Ficure 2505.—Frost smoke. 


Sharp discontinuities or inversions in the temperature lapse rate sometimes 
produce a variety of mirages and extreme values of refraction. The sun has been 
known to rise several days before it was expected in the spring. False horizons are 
not uncommon. 

Strong winds are common in the subarctic and in both the Antarctic and 
subantarctic. The belt of water surrounding Antarctica has been characterized as 
the stormiest in the world, being an area of high winds and high seas. Strong winds 
are not encountered over the Arctic Ocean. a iow pill 

In the polar and subpolar regions the principal hazard to ships is ice, both that 
formed at sea and land ice which has flowed into the sea in the form of glaciers. 
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Many low land areas are ice-free in summer. Ice is considered in more detail in 
chapter XXXVI. 

When snow obliterates surface features, and the sky is covered with a uniform 
layer of cirrostratus or altostratus clouds, so that there are no shadows, the horizon 
disappears and earth and sky blend together, forming an unbroken expanse of 
white, without features. Landmarks cannot be distinguished, and with complete 
lack of contrast, distance is virtually impossible to estimate. This is called arctic (or 
antarctic) whiteout. It is particularly prevalent in northern Alaska during late 
winter and early spring. 

2506. Miscellaneous.—The cold surface water of the Arctic Ocean flows out- 
ward between Greenland and Svalbard and is replaced by warmer subsurface water 
from the Atlantic. The surface currents depend largely upon the winds, and are 
generally quite weak in the Arctic Ocean. However, there are a number of well- 
established currents flowing with considerable consistency throughout the year. The 
general circulation in the Arctic is clockwise on the American side and around 
islands, and counterclockwise on the Asian side. Tidal ranges in this area are 
generally small. In the restricted waters of the upper Canadian-Greenland area 
both tides and currents vary considerably from place to place. In the Baffin Bay- 
Davis Strait area the currents are strong and the tides are high, with a great 
difference between springs and neaps. In the Antarctic, currents are strong, and the 
general circulation offshore is eastward or clockwise around the continent. Close to 
the shore, a weaker westerly or counterclockwise current may be encountered, but 
there are many local variations. 

Since both magnetic poles are situated within the polar regions, the horizontal 
intensity of the earth’s magnetic field is so low that the magnetic compass is of 
reduced value, and even useless in some areas. The magnetic storms centered in the 
auroral zones (art 4320) disrupt radio communications and alter magnetic compass 
errors. The frozen ground in polar regions is a poor conductor of electricity, another 
factor adversely affecting radio wave propagation. 

2507. Summary of conditions in polar regions.—The more prominent charac- 
teristic features associated with large portions of the polar regions may be summa- 
rized as follows: 

1. High latitude. 

2. Rapid convergence of meridians. 

3. Nearly horizontal diurnal motion of celestial bodies. 
4. Long periods of daylight, twilight, and semidarkness. 
5. Low mean temperatures. 

6. Short, cool summers and long, cold winters. 

7. High wind-chill factor. 

8. Low evaporation rate. 

9. Scant precipitation. 

10. Dry air (low absolute humidity). 

11. Excellent sound-transmitting conditions. 

12. Periods of excellent visibility. 

13. Extensive fog and clouds. 

14. Large number and variety of mirages. 

15. Extreme refraction and false horizons. 

16. Winter freezing of rivers, lakes, and part of the sea. 

17. Areas of permanent land and sea ice. 

18. Areas of permanently frozen ground. 
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19. Large areas of tundra (Arctic). 

20. Large areas of poor drainage, with many lakes and ponds (Arctic). 
21. Large areas of muskeg (a grassy marsh when thawed) (Arctic). 

22. Extensive auroral activity. 

23. Large areas of low horizontal intensity of earth’s magnetic field. 
24. Intense magnetic storms. 

25. Uncertain radio wave propagation. 

26. Strong winds (Antarctic). 

27. Frequent blizzards (Antarctic). 

28. Large quantities of blowing snow. 


Charts 


2508. Projections.—In polar regions, as elsewhere, the chart is an important 
item of navigational equipment. The projections used for polar charts are consid- 
ered in articles 321 and 322. 

For ordinary navigation the Mercator projection has long been the overwhelm- 
ing favorite of marine navigators, primarily because a rhumb line appears as a 
straight line on this projection. Even in high latitudes the mariner has exhibited an 
understandable partiality for Mercator charts, and these have been used virtually 
everywhere that ships have gone. 

However, as the latitude increases, the superiority of the Mercator projection 
decreases, primarily because the value of the rhumb line becomes progressively less. 
At latitudes greater than 60° the decrease in utility begins to be noticeable, and 
beyond latitude 70° it becomes troublesome. In the clear polar atmosphere, visual 
bearings are observed at great distances, sometimes 50 miles or more. The use of a 
rhumb line to represent a bearing line introduces an error at any latitude, but at 
high latitudes this error becomes excessive. 

Another objection to Mercator charts at high latitudes is the increasing rate of 
change of scale over a single chart. This results in distortion in the shape of land 
masses and errors in measuring distances. 

At some latitudes the disadvantages of the Mercator projection outweigh its 
advantages. The latitude at which this occurs depends upon the physical features of 
the area, the configuration and orientation of land and water areas, the nature of 
the operation, and, mostly, upon the previous experience and personal preference of 
the mariner. Because of differences of opinion in this matter, a transitional zone 
exists in which several projections may be encountered. The wise high-latitude 
navigator is prepared to use any of them, since coverage of his operating area may 
not be adequate on his favorite projection. 

2509. Adequacy.—Charts of most polar areas are generally inferior to those of 
other regions in at least three respects: 

1. Lack of detail. Polar regions have not been surveyed with the thoroughness 
needed to provide charts of the accustomed detail. Relatively few soundings are 
available and many of the coastal features are shown by their general outlines only. 
Large areas are perennially covered by ice, which presents a changing appearance 
as the amount, position, and the character of the ice change. Heavy covers of ice 
and snow prevent accurate determination of surface features of the earth beneath. 
Added to this is the similarity between adjacent land features where the hundreds 
of points and fiords in a rugged area or the extensive areas of treeless, flat coastal 
land in another look strikingly alike. The thousands of shallow lakes and ponds 


along a flat coastal plain lack distinctive features. 
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2. Inaccuracy. Polar charts are based upon incomplete surveys and reports of 
those who have been in the areas. These reports are less reliable than in other 
areas because icebergs are sometimes mistaken for islands, ice-covered islands are 
mistaken for grounded icebergs, shorelines are not easy to detect when snow covers 
both land and attached sea ice, inlets and sounds may be completely obscured by ice 
and snow, and meteorological conditions may introduce inaccuracy in determina- 
tion of position. Consequently, many features are inaccurately shown in location, 
shape, and size, and there are numerous omissions. Isogonic lines, too, are based 
upon incomplete information, resulting in less than desired accuracy. 

3. Coverage. Relatively few nautical charts of polar regions are available, and 
the limits of some of these are not convenient for some operations. As in other 
areas, charts have been made as the need has arisen. Hence, large-scale charts of 
some areas are completely lacking. Aeronautical charts are sometimes quite help- 
ful, as they often show more detail of land areas than do the nautical charts. 
However, aeronautical charts do not show soundings. 

2510. Polar grid.—Because of the rapid convergence of the meridians in polar 
regions, the true direction of an oblique line near the pole may vary considerably 
over a relatively few miles. The meridians are radial lines meeting at the poles, 
instead of being parallel, as they appear on the familiar Mercator chart. 

Near the pole the convenience of parallel meridians is attained by means of a 
polar grid. On the chart a number of lines are printed parallel to a selected 
reference meridian, usually that of Greenwich. On transverse Mercator charts the 
fictitious meridians may serve this purpose. Any straight line on the chart makes 
the same angle with all grid lines. On the transverse Mercator projection it is 
therefore a fictitious rhumb line. On any polar projection it is a close approxima- 
tion to a great circle. If north along the reference meridian is selected as the 
reference direction, all parallel grid lines can be considered extending in the same 
direction. The constant direction relative to the grid lines is called grid direction. 
North along the Greenwich meridian is usually taken as grid north in both the 
Northern and Southern Hemispheres. 

The value of grid directions is indicated in figure 2510. In this figure A and B 
are 400 miles apart. The true bearing of B from A is 023°, yet at B this bearing line, 
if continued, extends in true direction 163°, a change of 140° in 400 miles. The grid 
direction at any point along the bearing line is 103°. 

When north along the Greenwich meridian is used as grid north, interconver- 
sion between grid and true directions is quite simple. Let G represent a grid 
direction and T the corresponding true direction. Then for the Arctic, 


G=T+AW. 


That is, in the Western Hemisphere, in the Arctic, grid direction is found by adding 
the longtitude to the true direction. From this it follows that 


T=G-AW, 
and in the Eastern Hemisphere 

G=T—A)E, 

T=G+h)E. 


In the Southern Hemisphere the signs (+ or —) of the longitude are reversed in all 
formulas. 

If a magnetic compass is used to follow a grid direction, variation and conver- 
gency can be combined into a single correction called grid variation or grivation. It 
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Ficure 2510.—Polar grid navigation. 


is customary to show lines of equal grivation on polar charts rather than lines of 
equal variation. Defense Mapping Agency Hydrographic Topographic Center chart 
43 shows the isogrivs (lines of equal grivation) for the north and south polar areas. 

With one modification the grid system of direction can be used in any latitude. 
Meridians 1° apart make an angle of 1* with each other where they meet at the 
pole. The convergency is one, and the 360° of longitude cover all 360° around the 
pole. At the equator the meridians are parallel and the convergency is zero. Be- 
tween these two limits the convergency has some value between zero and one. On a 
sphere it is equal to the sine of the latitude. For practical navigation this relation- 
ship can be used on the spheroidal earth. On a simple conic or Lambert conformal 
chart a constant convergency is used over the entire chart, and is known as the 
constant of the cone. On a simple conic projection it is equal to the sine of the 
standard parallel. On a Lambert conformal projection it is equal (approximately) to 
the sine of the latitude midway between the two standard parallels. When conver- 
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gency is printed on the chart, it is generally adjusted for ellipticity of the earth. If 
K is the constant of the cone, 


K=sin % (L:+ 1), 


where L,; and L, are the latitudes of the two standard parallels. On such a chart, 
grid navigation is conducted as explained above, except that in each of the formulas 


the longitude is multiplied by K: 
G=T+KAW, 
T=G—kAW, 
G=T—KhAE, 
T=G+KAE. 


Thus, a straight line on such a chart changes its true direction, not by 1° for each 
degree of longitude, but by K°. As in higher latitudes, convergency and variation 
can be combined. 

In using grid navigation one should keep clearly in mind the fact that the grid 
lines are parallel on the chart. Since distortion varies on charts of different projec- 
tions, and on charts of conic projections having different standard parallels, the grid 
direction between any two given points is not the same on all charts. For operations 
which are to be coordinated by means of grid directions, it is important that all 
charts showing the grid be on a single graticule (art. 303). 

2511. Plotting on polar charts, as on other charts, involves the measurement of 
distance and direction. On a chart with converging meridians, as one on the 
Lambert conformal projection, distance is measured by means of the latitude scale, 
as on a Mercator chart, but this scale is so nearly constant that any part of it can 
be used without introducing a significant error. A mile scale is sometimes shown in 
or near the margin of such a chart, and can be used anywhere on that chart. 

Since the meridians converge, a straight line makes a different angle with each 
meridian, as shown in figure 2510. For this reason, compass roses are not customari- 
ly shown on such a chart. If they do appear, each one applies only to the meridian 
on which it is located. The navigator accustomed to using a Mercator chart can 
easily forget this point, and hence will do well to ignore compass roses. If a drafting 
machine is used, it should be aligned with the correct meridian each time a 
measurement is made. Since this precaution can easily be overlooked, especially by 
a navigator accustomed to resetting his drafting machine only when the chart is 
moved, and since the resulting error may be too small to be apparent but too large 
to ignore, it is good practice to discard this instrument when the Mercator chart is 
replaced by one with converging meridians, unless positive steps are taken to 
prevent error. 

The most nearly fool-proof and generally the most satisfactory method of meas- 
uring directions on a chart with converging meridians is to use a protractor, or 
some kind of plotter combining the features of a protractor and straightedge (fig. 
2511a). 

If a course is to be measured, the mid meridian of each leg should be used, as 
shown in figure 25lla. If a bearing is to be measured, the meridian nearest the 
point at which the bearing was determined should be used, as shown in figure 
2511b. Thus, in the usual case of determining the bearing of a landmark from a 
ship, the meridian nearest the ship should be used. In using either of the plotters 
shown in figures 25lla or 251lb, note that the center hole is placed over the 
meridian used, the straightedge part is placed along the line to be drawn or 
measured, and the angle is read on the protractor at the same meridian which 
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Figure 251la.—Measuring a course on a Lambert conformal chart by a B-2 aircraft plotter. Note that 
measurement is made at the mid meridian. 
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passes under the center hole. It is sometimes more convenient to invert the plotter, 
so that the protractor part extends on the opposite side of the straightedge. 

For plotting grid directions, angles are measured from grid north, using any 
grid meridian. Any convenient method can be used. If a protractor or plotter is 
being used for plotting grid directions, it is usually desirable to use the same 
instrument for plotting true directions. The distance is the same whether grid or 
true directions are used. 


Dead Reckoning 


2512. Polar dead reckoning.—In polar regions, as elsewhere, dead reckoning 
involves measurement of direction and distance traveled, and the use of this infor- 
mation for determination of position. 

Direction is normally determined by a compass, but in polar regions both 
magnetic and gyrocompasses are subject to certain limitations not encountered 
elsewhere. However, the navigator who thoroughly understands the use of these 
instruments in high latitudes can get much useful information from them. The 
polar navigator should not overlook the value of radar tracking or visual tracking 
for determining direction of motion. This is discussed in article 2515. 
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FicurE 2511b.—Measuring a bearing on a Lambert conformal chart by AN plotter. Note that 
measurement is made at the meridian nearest the ship. 


Speed or distance is normally measured by log or engine revolution counter, 
but these methods are not entirely suitable when the ship is operating in ice. The 
problem of determining speed or distance in ice is discussed in article 2515. 

2513. The magnetic compass depends for its directive force upon the horizontal 
intensity of the magnetic field of the earth. As the magnetic poles are approached, 
this force becomes progressively weaker until at some point the Magnetic compass 
becomes useless as a direction-measuring device. In a marginal area it is good 
practice to keep the magnetic compass under almost constant scrutiny, as it is 
somewhat erratic in dependability and its errors may change rapidly. Frequent 
compass checks by celestial observation or any other method available are wise 
precautions. A log of compass comparisons and observations is useful in predicting 
future reliability. 

The magnetic poles themselves are somewhat elusive, since they participate in 
the normal diurnal, annual, and secular changes in the earth’s field, as well as the 
more erratic changes caused by magnetic storms. Measurements indicate that the 
north magnetic pole moves within an elongated area of perhaps 100 miles in a 
generally north-south direction and somewhat less in an east-west direction. Nor- 
mally, it is at the southern end of its area of movement at local noon and at the 
northern extremity twelve hours later, but during a severe magnetic storm this 
motion is upset and becomes highly erratic. Because of the motions of the poles, - 
they are sometimes regarded as areas rather than points. There is some evidence to 
support the belief that several secondary poles exist, although such alleged poles 
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may be anomalies (local attractions), possibly of intermittent or temporary exist- 
ae Various severe anomalies have been located in polar areas and others may 
exist. 

The continual motion of the poles may account, at least in part, for the large 
diurnal changes in variation encountered in high latitudes. Changes as large as 10° 
have been reported. 

Measurements of the earth’s magnetic field in polar regions are neither numer- 
ous nor frequent. The isogonic lines in these areas are close together, resulting in 
rapid change in short distances in some directions, and their locations are imper- 
fectly known. As a result, charted variation in polar regions is not of the same 
order of accuracy as elsewhere. 

The decrease in horizontal intensity encountered near the magnetic poles, as 
well as magnetic storms, affects the deviation. Any deviating magnetic influence 
remaining after adjustment, which is seldom perfect, exerts a greater influence as 
the directive force decreases. It is not uncommon for residual deviation determined 
in moderate latitudes to increase 10- or 20-fold in marginal areas. Interactions 
between correctors and compass magnets exert a deviating influence that may 
increase to a troublesome degree in high latitudes. The heeling magnet, correcting 
for both permanent and induced magnetism, is accurately located only for one 
magnetic latitude. Near the magnetic pole its position might be changed, but this 
may induce sufficient magnetism in the Flinders bar to more than offset the change 
in deviation due to the change in the position of the heeling magnet. The relatively 
strong vertical intensity may render the Flinders bar a stronger influence than the 
horizontal field of the earth. When this occurs, the compass reading remains nearly 
the same on any heading. 

Another effect of the decrease in the directive force of the compass is a greater 
influence of frictional errors. This, combined with an increase in the period of the 
compass, results in greatly increased sluggishness in its return to .the correct 
reading after being disturbed. For this reason the compass performs better in a 
smooth sea free from ice than in an ice-infested area where its equilibrium is 
frequently upset by impact of the vessel against ice. 

Magnetic storms affect the magnetism of a ship as well as that of the earth. 
Changes in deviation of as much as 45° have been reported during severe magnetic 
storms, although it is possible that such large changes may be a combination of 
deviation and variation changes. 

The area in which the magnetic compass is of reduced value cannot be stated in 
specific terms. A magnetic compass in an exposed position performs better than one 
in a steel pilot house. The performance of the compass varies considerably with the 
type of compass, sensitiveness and period, thoroughness of adjustment, location on 
the vessel, and magnetic properties of the vessel. It also varies with local conditions. 

In a very general sense the magnetic compass can be considered of reduced 
reliability when the horizontal intensity is less than 0.09 oersted, erratic when the 
field is less than 0.06 oersted, and useless when it is less than 0.03 oersted. The 
extent of these areas in the Northern Hemisphere is indicated in figure 2513. 
Similar areas extend around the south magnetic pole, which is located at latitude 
68°S, longitude 139°E, not far from the eastern shore of the Ross Sea. DMAHTC 
chart 33 shows lines of equal horizontal intensity in the north and south polar 
regions, respectively. However, the effectiveness of the magnetic compass is influ- 
enced also by local conditions. A compass on a vessel making a voyage through the 
islands of the Canadian archipelago has been reported to give fair indication of 
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direction in certain small areas where the horizontal intensity is less than 0.02 
oersted, yet to be useless at some places where the horizontal intensity is greater 
than 0.04 oersted. 


120°E 105° E 90° E 


FiGuRE 2513.—Arctic areas in which the magnetic compass is of reduced value. Inside th 
: e curves 
representing the 0.09, 0.06, and 0.03 oersted values of horizontal intensity the compass can be 
considered of reduced reliability, erratic, and useless, respectively. 


Despite its various limitations, the magnetic compass is a valuable instrument 
in much of the polar regions, where the gyrocompass is also of reduced reliability. 
With careful adjustment, frequent checks, and a record of previous behavior, the 
polar navigator can get much useful service from his instrument. 

When a compass is subjected to extremely low temperatures, there is danger of 
the liquid freezing. Sufficient heat to prevent this can normally be obtained from 
the compass light, which should not be turned off during severe weather. 

2514. The gyrocompass depends for its operation upon the rotation of the earth 
about its axis. Its maximum directive force is at the equator, where the axis of the 
compass is parallel to the axis of the earth. As the latitude increases, the angle 
between these two axes increases. At the geographical poles the gyrocompass has no 
directive force. 


POLAR NAVIGATION 7083 


The gyrocompass is generally reliable to latitude 70°. At higher latitudes the 
disturbing effect of imperfections in compass or adjustment is magnified. Latitude 
adjustment becomes critical. Speed error increases as the speed of the vessel ap- 
proaches the rotational speed of the earth. Ballistic deflection error becomes large 
and the compass is slow to respond to correcting forces. Frequent changes of course 
and speed, often necessary when proceeding through ice, introduce errors which are 
slow to settle out. The impact of the vessel against ice deflects the gyrocompass, 
which does not return quickly to the correct reading. 

The error increases and becomes more erratic as the vessel proceeds to higher 
latitudes. Extreme errors as large as 27° have been reported at latitudes greater 
than 82°. The gyrocompass probably becomes useless at about latitude 85°. At 
latitude 70° the gyro error should be determined frequently, perhaps every four 
hours, by means of celestial bodies when these are available. As the error increases 
and becomes more erratic, with higher latitude, it should be determined more 
frequently. In heavy ice at extreme latitudes an almost constant check is desirable. 
The gyro and magnetic compasses should be compared frequently and a log kept of 
the results of these comparisons and the gyro error determinations. 

Most gyrocompasses are not provided with a latitude correction setting above 
70°. Beyond this, correction can be made by either of two methods: (1) set the 
latitude and speed correctors to zero and apply a correction from a table or diagram 
obtainable from the manufacturer of the compass, or constructed as explained in 
article 639; or (2) use an equivalent latitude and speed setting. Both of these 
methods have proved generally satisfactory, although the second is considered 
superior to the first because it at least partly corrects for errors introduced by a 
change in course. In certain types of gyrocompasses, facilities for their operation in 
a high latitude mode up to about 86° and as directional gyros even to the poles is 
provided. 

2515. Distance and direction in ice.—In ice-free waters, distance or speed is 
determined by some form of log or by engine revolution counter. In the presence of 
ice, however, most logs are inoperative or inaccurate due to clogging by the ice. 
Engine revolution counters are not accurate speed indicating devices when a ship is 
forcing its way through ice. With experience, one can estimate the speed in relation 
to ice, or a correction can be applied to speed by engine revolution counter. At best, 
however, these methods are seldom of the desired accuracy. 

If ranges and bearings of a land feature can be determined either visually or by 
radar, course and speed of the vessel or distance traveled over the ground can be 
determined by tracking the landmark and plotting the results. The feature used 
need not be identified. Ice can be used if it is grounded or attached to the shore. 
Course and speed or distance through the water can be determined by tracking a 
floating iceberg or other prominent floating ice feature. However, an error may be 
introduced by this method if the effect of wind and current upon the floating 
feature is different than upon the ship. 

2516. Tide, current, and wind.—Relatively little is known of tides and currents 
in the polar regions. The tables do not extend to these areas, but some information 
is given in the sailing directions. In general, tidal ranges are small, and the water 
in most anchorages is relatively deep. 

Currents in many coastal areas are strong and somewhat variable. When a 
vessel is operating in ice, the current is often difficult to determine because of 
frequent changes in course and speed of the vessel and inaccuracies 1n the measure- 


ment of direction and distance traveled. 
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In the vicinity of land, and in the whole antarctic area, winds are variable in 
direction, gusty, and often strong. Offshore, in the Arctic Ocean, the winds are not 
strong and are steadier, but ships rarely operate in this area. The wind in polar 
regions, as elsewhere, has two primary navigational effects upon vessels. First, its 
direct effect is to produce leeway. When a vessel is operating in ice, the leeway may 
be different from that in open water. It is well to determine this effect for one’s own 
vessel. The second effect is to produce wind currents in the sea. 

2517. Keeping the dead reckoning.—Because of the lack of facilities for fixing 
the position of a vessel in polar regions, accurate dead reckoning is even more 
important than elsewhere. The problem is complicated by the fact that the elements 
of dead reckoning, direction and distance, are usually known with less certainty 
than in lower latitudes. This only heightens the need for keeping the dead reckon- 
ing with all the accuracy obtainable. This may usually be accomplished by careful 
hand plotting on the available charts or plotting sheets. 


Piloting 


2518. Piloting in high latitudes is basically no different from that elsewhere. 
However, in polar regions piloting is the primary method of marine navigation. As 
previously indicated, dead reckoning is difficult and generally less accurate than in 
lower latitudes. 

Piloting is associated with proximity to land and shoal water. A ship in polar 
regions is seldom far from land, and the areas are not so accurately surveyed that 
the navigator can be sure that uncharted shoals are not nearby. 

Piloting is characterized by an alertness not required when a vessel is far from 
danger of grounding. Nowhere is this alertness more necessary than in polar 
regions. Added to the usual reasons for constant vigilance are the uncertainties of 
charted information and the lack of detail, as discussed in article 2509. 

2519. Natural landmarks are plentiful in some areas, but their usefulness is 
restricted by the difficulty in identifying them, or locating them on the chart. Along 
many of the coasts the various points and inlets bear a marked resemblance to each 
other. The appearance of a coast is often very different when many of its features 
are obliterated by a heavy covering of snow or ice than when it is ice-free. 

2520. Bearings are useful, but have limitations. When bearings on more than 
two objects are taken, they may fail to intersect at a point because the objects may 
not be charted in their correct relation to each other. Even a point fix may be 
considerably in error geographically if all of the objects used are shown in correct 
relation to each other, but in the wrong position on the earth. However, in restrict- 
ed waters it is usually more important to know the position of the vessel relative to 
nearby land and shoals than its latitude and longitude. The bearing and distance of 
even an unidentified or uncharted point are valuable. 

When a position is established relative to nearby landmarks, it is good practice 
to use this to help establish the identity and location of some prominent feature a 
considerable distance ahead, so that this feature, in turn, can be used to establish 
future positions. 

In high latitudes it is not unusual to make use of bearings on objects a 
considerable distance from the vessel. Because of the rapid convergence of the 
meridians in these areas, such bearings are not correctly represented by straight 
lines on a Mercator chart. If this projection is used, the bearings should be correct- 
ed in the same manner that radio bearings are corrected (using table 1), since both 
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can be considered great circles. Neither visual nor radio bearings are corrected 
when plotted on a Lambert conformal or polar steorographic chart. 

2521. Soundings are so important in polar regions that echo sounders are 
customarily operated continuously while the vessel is underway. It is good practice 
to have at least two such instruments, preferably those of the recording type and 
having a wide flexibility in the range of the recorder. In few parts of the polar 
regions have enough soundings been obtained and made available to charting 
agencies to permit adequate portrayal of the bottom configuration. However, since 
depth of water is a primary consideration in avoiding an unwanted grounding, a 
constant watch should be maintained to avoid unobserved shoaling. 

Polar regions have relatively few shoals, but in some areas, notably along the 
Labrador coast, a number of pinnacles and ledges rise abruptly from the bottom. 
These constitute a real danger to vessels, since they are generally not surrounded 
by any apparent shoaling. In such an area, or when entering an unknown harbor or 
any area of questionable safety, it is good practice to send one or more small craft 
ahead with portable sounding gear. 

In very deep water, of the order of 1,000 fathoms or more, the echo returned 
from the bottom is sometimes masked by the sound of ice coming in contact with 
the hull, but this is generally not a problem when the bottom is close enough to be 
menacing. 

The hand lead is of little value to a ship underway in ice, because the ice 
generally prevents its effective use unless the vessel is stopped. 

If a ship becomes beset by ice, so that steerage way is lost and the vessel drifts 
with the ice, it may be in danger of grounding as the ice moves over a shoal. Hence, 
it is important that soundings be continued even when beset. If necessary, a hole 
should be made in the ice and a hand lead used. A vessel with limited means for 
freeing itself may prudently save such means for use only when there is danger of 
grounding. 

Useful information on the depth of water in the vicinity of a ship can some- 
times be obtained by watching the ice. A stream of ice moving faster than surround- 
ing ice, or a stretch of open water in loose pack ice often marks the main channel 
through shoal water. A patch of stationary ice in the midst of moving ice often 
marks a shoal. 

Knowledge of earth formations may also prove helpful. The slope of land is 
often an indication of the underwater gradient. Shoal water is often found off low 
islands, spits, etc., but seldom near a steep shore. Where glaciation has occurred, 
the moraine deposits are likely to have formed a bar some distance offshore. 
Submerged rocks and pinnacles are more likely to be encountered off a rugged 
shore than near a low, sandy beach. 

2522. Anchorages.—Because good anchorages are not plentiful in high lati- 
tudes, there is an understandable temptation to be less demanding in their selec- 
tion. This is dangerous practice, for in polar regions some of the requirements are 
accentuated. The factors to be considered are: 

1. Holding quality of the bottom. In polar regions a rocky bottom or one with 
only fair to poor holding qualities is not uncommon. Sometimes the bottom is steep 
or irregular. Since the nature of the bottom is seldom adequately shown on charts, 
a wise precaution is to sample the bottom, and sound in the vicinity before anchor- 
ing. 
’ 2. Adequacy of room for swing. Because high winds are frequent along polar 
shores, sometimes with little or no warning, long scopes of anchor chain are 
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customarily used. Some harbors are otherwise suitable, but allow inadequate room 
for swing of the vessel at anchor, or even for its yaw in a high wind. If a vessel is to 
anchor in an unsurveyed area, the area should first be adequately covered by small 
boats with portable sounding gear to detect any obstructions. 

3. Protection from wind and sea. In polar regions protection from wind is 
probably the most difficult requirement to meet. Generally, high land is accompa- 
nied by strong wind blowing directly down the side of the mountains. Polar winds 
are extremely variable, both in direction and speed. Shifts of 180° accompanied by 
an increase in speed of more than 50 knots in a few minutes have been reported. It 
is important that ground tackle be in good condition and that maximum-weight 
anchors be used. All available weather reports should be obtained and a continuous 
watch kept on the local weather. Whenever a heavy blow might reasonably be 
anticipated, the main engines should be kept in an operating condition and on a 
standby status. Heavy seas are seldom a problem. 

4. Availability of suitable exit in event of extreme weather. In ice areas it is 
important that a continuous watch be kept to prevent blocking of the entrance by 
ice, or actual damage to the vessel by floating ice. However, in an unsurveyed area 
it may be dangerous to shift anchorage without first sounding the area. It is a wise 
precaution to do this in advance. Unless the vessel is immediately endangered by 
ice, it is generally safer to remain at anchor with optimum ground tackle and use of 
engines to assist in preventing dragging, than to proceed to sea in a high wind, 
especially in the presence of icebergs and growlers, and particularly during dark- 
ness. 

5. Availability of objects for position determination. The familiar polar problem 
of establishing a position by inaccurately charted or inadequately surveyed land- 
marks is accentuated when an accurate position is desired to establish the position 
of an anchor. Sometimes a trial and error method is needed, and it may be 
necessary to add landmarks located by radar or visual observation. Because of chart 
inadequacy, the suitability of an anchorage, from the standpoint of availability of 
suitable landmarks, cannot always be adequately predicted before arrival. 

An unsurveyed harbor should be entered with caution at slow speed, with both 
the pilot house and engine room force alerted to possible radical changes in speed 
or course with little or no warning. The anchor should be kept ready for letting go 
on short notice and should be adequately attended. An engine combination provid- 
ing full backing power should be maintained. 

2523. Sailing directions for high latitudes contain a wealth of valuable informa- 
tion acquired by those who have previously visited the areas. However, since high 
latitudes have not been visited with the frequency of other areas, and since they are 
inadequately surveyed, the sailing directions for polar areas are neither as complete 
nor as accurate as for other areas, and information on unvisited areas is completely 
lacking. Until traffic in high latitudes increases and the sailing directions for these 
areas incorporate the additional information obtained, unusual caution should ac- 
company their use. Each vessel that enters polar regions can help correct this 
condition by recording accurate information and sending it to the Defense Mapping 
Agency Hydrographic/Topographic Center or its counterpart in other countries. 


Electronics and Navigation 


2524. Propagation.—In general, radio wave propagation in high latitudes fol- 
lows the same principles that apply elsewhere, as described in chapter XL. Howev-. 
er, certain anomalous conditions occur, and although these are but imperfectly 
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understood, and experience to date has not always seemed consistent, there is much 
that has been established. An understanding of these conditions is important if 
maximum effective use is to be made of electronics in high latitudes. Such anoma- 
lous conditions are discussed in chapters XL and XLIII. 

2525. Radar.—In polar regions, where fog and long periods of continuous day- 
light or darkness reduce the effectiveness of both celestial navigation and visual 
piloting, and where other electronic aids are generally not available, radar is 
particularly valuable. Its value is further enhanced by the fact that polar seas are 
generally smooth, resulting in relatively little oscillation of the shipborne antenna. 
When ice is not present, relatively little sea return is encountered from the calm 
sea. 

However, certain limitations attend the use of radar in polar regions. Similari- 
ty of detail along the polar shore is even more apparent by radar than by visual 
observation. Lack of accurate detail on charts adds to the difficulty of identification. 
Identification is even more of a problem when the shoreline is beyond the radar 
horizon and accurate contours are not shown on the chart. When an extensive ice 
pack extends out from shore, accurate location of the shoreline is extremely diffi- 
cult. 

Good training and extensive experience are needed to interpret accurately the 
returns in polar regions where ice may cover both land and sea. A number of 
icebergs close to a shore may be too close together to be resolved, giving an altered 
appearance to a shoreline, or they may be mistaken for off-lying islands. The 
shadow of an iceberg or pressure ridge and the lack of return from an open lead in 
the ice may easily be confused. Smooth ice may look like open water. In making 
rendezvous, one might inadvertently close on an iceberg instead of a ship. 

As with visual bearings, radar bearings need correction for convergency unless 
the objects observed are quite close to the ship. 

2526. Long-range and worldwide radionavigation aids, such as Loran-C, 
Omega, and the Navy Navigation Satellite System, are particularly useful in the 
Arctic because of the scarcity of aids of shorter range. Such short range aids as may 
be in existence are subject to damage or failure by ice or storms, or other causes. 
Ice and storm damage may be widespread and require considerable time to repair. 
Isolated damage may exist for a long time without being discovered and reported. 

2527. Other electronic aids are virtually nonexistent in polar regions. 

The radio direction finder is useful when the few transmitting stations are 
within range. One of the principal uses of RDF in polar regions is to assist in 
locating other vessels, for rendezvous or other purposes. This is particularly true in 
an area of many icebergs, where radar may not distinguish between ships and 
icebergs. 

Consol is available in the Norwegian Sea between Norway and Greenland. 

The echo sounder is highly useful, as indicated in article 2521, and is operated 
continuously in high latitudes. 

Sonar is useful primarily for detecting ice, particularly growlers. Since about % 
to % of the ice is under water, its presence can sometimes be detected by sonar 
when it is overlooked by radar or visual observation. 


Celestial Navigation 


2528. Celestial navigation in high latitudes.—Of the various types of naviga- 
tion, celestial is perhaps least changed in polar regions. However, certain special 
considerations are applicable. 
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Because of the limitations of other forms of navigation, as discussed earlier in 
this chapter, celestial navigation provides the principal means of determining geo- 
graphical position. However, as indicated in article 2520, position relative to nearby 
dangers is usually of more interest to the polar navigator than geographical posi- 
tion. Since ships in high latitudes are seldom far from land, and since celestial 
navigation is attended by several limitations, discussed in article 2529, its use in 
marine navigation is generally confined to the following applications: 

1. navigation while proceeding to and from polar regions; 

2. checking the accuracy of dead reckoning; 

3. checking the accuracy of charted positions of landmarks, shoals, etc; and 

4. providing a directional reference, either by means of a celestial compass or 
by providing a means of checking the magnetic or gyrocompass. 

Although its applications are limited, celestial navigation is important in high 
latitudes. Application 3 above, and application 4, even more so, can be of great 
value to the polar navigator. 

2529. Celestial observations.—The best celestial fixes are usually obtained by 
star observations during twilight. As the latitude increases, these periods become 
longer, providing additional time for observation. But with this increase comes 
longer periods when the sun is just below the horizon and the stars have not yet 
appeared. During this period, which in the extreme condition at the pole lasts for 
several days, no celestial observations may be available. The moon is sometimes 
above the horizon during this period and bright planets, notably Venus and Jupiter, 
may be visible. With practice, the brighter stars can be observed when the sun is 2° 
to 3° below the horizon. 

Beyond the polar circles the sun remains above the horizon without setting 
during part of the summer. The length of this period increases with latitude. At 
Thule, Greenland, about 10° inside the Arctic Circle, the sun remains above the 
horizon for four months. During this period of continuous daylight the sun circles 
the sky, changing azimuth about 15° each hour. A careful observation, or the 
average of several observations, each two hours provides a series of running fixes. 
An even better check on position is provided by making hourly observations and 
establishing the most probable position at each observation. Sometimes the moon is 
above the horizon, but within several days of the new or full phase it provides lines 
of position nearly parallel to the sunlines and hence of limited value in establishing 
fixes. 

During the long polar night the sun is not available and the horizon is often 
indistinct. However, the long twilight, a bright aurora, and other sources of polar 
light (art. 2504) shorten this period. By adapting their eyes to darkness, some 
navigators can make reasonably accurate observations throughout the polar night. 
The full moon in winter remains above the horizon more than half the time and 
attains higher altitudes than at other seasons. 

In addition to the long periods of darkness in high latitudes, other conditions 
are sometimes present to complicate the problem of locating the horizon. During 
daylight the horizon is frequently obscured by low fog, frost smoke, or blowing 
snow, yet the sun may be clearly visible. Hummocked sea ice is sometimes a 
problem, particularly at low heights of eye. Nearby land or an extensive ice foot can 
also be troublesome. Extreme conditions of abnormal refraction are not uncommon 
in high latitudes, sometimes producing false horizons and always affecting the 
refraction and dip corrections. 
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Because of these conditions, it is advisable to be provided with an artificial- 
horizon sextant (art. 1513). This instrument is generally not used aboard ship 
because of the excessive acceleration error encountered as the ship rolls and 
pitches. However, in polar regions there is generally little such motion and in the 
ice there may be virtually none. Some practice is needed to obtain good results with 
an artificial-horizon sextant, but these results are sometimes superior to those 
obtainable with a marine sextant, and when some of the conditions mentioned 
above prevail, the artificial-horizon sextant may provide the only means of making 
an observation. Better results with this instrument can generally be obtained if the 
instrument is hung from some support, as it generally is when used in aircraft. 

An artificial horizon (art. 1512) can sometimes be used effectively, even an 
improvised one, as by placing heavy lubricating oil in a bucket. 

It is sometimes possible to make better observations by artificial-horizon sex- 
tant or artificial horizon from a nearby cake of ice than from the ship. 

Clouds and high fog are frequent in high latitudes, but it is not uncommon, 
particularly in the Antarctic, for the fog to lift for brief periods, permitting an alert 
navigator to obtain observations. 

As the latitude increases, an error of time has less effect upon altitude. At the 
equator an error of 4 seconds in time may result in an error in the location of the 
position line of as much as 1 mile. At latitude 60° a position error of this magnitude 
cannot occur unless the timing error is 8 seconds. At 70° nearly 12 seconds are 
needed, and at 80° about 23 seconds are needed for such a position error. 

Polaris is of diminished value in high northern latitudes because of its high 
altitude. At high latitudes the second correction to observed altitude (ai) becomes 
greater. The almanac makes no provision for applying this beyond latitude 68°. 
Bodies at high altitudes are not desirable for azimuth determination, but if Polaris 
is used, the use of the actual azimuth given at the bottom of the Polaris tables of 
the Nautical Almanac is of increased importance because of its larger variation 
from 000° in high latitudes. No azimuth is provided beyond latitude 65°. 

In applying a sextant altitude correction for dip of the horizon, one should use 
height of eye above the ice at the horizon, instead of height above water. The 
difference between ice and water levels at the horizon can often be estimated by 
observing ice near the vessel. 

2530. Low-altitude observations.—Because of large and variable refraction at 
low altitudes, navigators customarily avoid observations below some minimum, 
usually 5° to 15°, if higher bodies can be observed. In polar regions low-altitude 
observations are often the only ones available. The sun, moon, and planets remain 
low in the sky for relatively long periods, their diurnal motion being nearly horizon- 
tal. The only lower limit is that imposed by the horizon itself. In fact, good 
observations can sometimes be made without a sextant by noting the time at which 
either the upper or lower limb is tangent to the horizon. To such an observation 
sextant altitude corrections are applied as for a marine sextant without an index 
correction. el : 

Correction of low-altitude observations made by marine sextant is discussed in 
article 1625. If a bubble or other artificial-horizon sextant is used, corrections are 
made as for higher altitudes, being careful to use the refraction value corrected for 
temperature, or to make a separate correction for air temperature. In addition, a 
correction for atmospheric pressure (tab. 24) is applied if of sufficient size to be of 


importance. tie ; 
Solution of low-altitude observations is discussed in article 2023. 
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2531. Abnormal refraction and dip.—Tables of refraction correction are based 
upon a standard atmosphere. Variations in this atmosphere result in changes in the 
refraction, and since the atmosphere is seldom exactly standard, the mean refrac- 
tion is seldom the same as shown in the tables. Variations from standard conditions 
are usually not great enough to be troublesome. 

In polar regions, however, it is normal for the atmosphere to differ considerably 
from the standard, particularly near the surface. This affects both refraction and 
dip, as indicated in article 1605. Outside polar regions, variations in refraction 
seldom exceed 2’ or 3’, although extreme values of more than 30’ have been 
encountered. In polar regions refraction variations of several minutes are not 
uncommon and an extreme value of about 5° has been reported. This would produce 
an error of 800 miles in a line of position. The sun has been known to rise as much 
as ten days before it was expected. 

Most celestial observations in polar regions produce satisfactory results, but the 
high-latitude navigator should be on the alert for abnormal conditions, since they 
occur more often than elsewhere, and have greater extreme values. A wise precau- 
tion is to apply corrections for air temperature (tab. 23) and atmospheric pressure 
(tab. 24), particularly for altitudes of less than 5°. 

Abnormal dip affects the accuracy of celestial observations equally at any 
altitude, if the visible horizon is used. Such errors may be avoided in any one of 
four ways: 

1. The artificial-horizon sextant may be used, as indicated in article 2529. 

2. When stars are available, three stars may be observed at azimuth intervals 
of approximately 120°, (or four at 90° intervals, five at 72°, etc.). Any error in dip or 
refraction will alter the size of the enclosed figure, but will not change the location 
of its center unless the dip or refraction error varies in different directions. The 
stars should preferably be at the same altitude. 

3. The altitude of a single body may be observed twice, facing in opposite 
directions. The sum of the two readings differs from 180° by twice the sum of the 
index and dip corrections (also personal and instrument corrections, if present). 
This method assumes that dip is the same in both directions, an assumption that is 
usually approximately correct. Also, the method requires that the arc of the sextant 
be sufficiently long and the altitude of the body sufficiently great to permit observa- 
tion of the back sight in the opposite direction. In making such observations, it is 
necessary that allowance be made for the change of altitude between readings. This 
may be done by taking a direct sight, a back sight, and then another direct sight at 
equal intervals of time, and using the average of the two direct sights. 

4. A correction for the difference between air and sea temperatures (art. 814, 
vol. II) may be applied to the sextant altitude. This will often provide reasonably 
good results. However, there is considerable disagreement in the manner in which 
temperature is to be measured, and in the factor to use for any given difference. 
Therefore, the validity of this correction is not fully established. 

There is still much to be learned regarding refraction and even with all known 
precautions, results may occasionally be unsatisfactory. 

2532. Sight reduction in polar regions is virtually the same as elsewhere. 
Computation can be made by nearly any method. In Pub. No. 214, tabulations are 
not extended below an altitude of 5°, but this method can be used for lower 
altitudes, which are not uncommon in polar regions, by selecting an assumed 
position some distance away, in the general direction of the body. Thus, if the - 
altitude is 2°, an assumed position 3° (180 miles) nearer the body (4° is a better 
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choice to allow for possible error in the dead reckoning and for adjustment for a 
convenient assumed position) should result in-a computed altitude of 5° or more. 
This method will result in an unusually long altitude intercept, but the error 
introduced will be negligible if the assumed position is in the direction of the body, 
and the chart used is one on which a straight line is a close approximation to a 
great circle. A Lambert conformal chart is satisfactory for this purpose. An example 
of such a solution is given in article 2023. 

One special method of considerable interest is conveniently applicable only 
within about 5° of the pole, a higher latitude than is usually attainable by ships. 
This is the method of using the pole as the assumed position. At this point the 
zenith and pole coincide and hence the celestial equator and celestial horizon also 
coincide, and the systems of coordinates based upon these two great circles of the 
celestial sphere become identical. The declination is computed altitude, and GHA 
replaces azimuth. A “toward” altitude intercept is plotted along the upper branch 
of the meridian over which the body is located, and an “away” intercept is plotted 
in the opposite direction, along the lower branch. Such a line or its AP is advanced 
or retired in the usual manner. This method is a special application of the meridian 
altitude sometimes used in lower latitudes. Beyond the limits of this method the 
meridian altitude can be used in the usual manner (art. 2025) without complications 
and with time of transit being less critical. However, table 29, for reduction to the 
meridian, extends only to latitude 60°. 

2533. Plotting lines of position from celestial observations.—Lines of position 
from celestial observations in polar regions are plotted as elsewhere, using an 
assumed position, altitude intercept, and azimuth. If a Mercator chart is used, the 
error introduced by using rhumb lines for the azimuth line (a great circle) and line 
of position (a small circle) is accentuated. This can be overcome by using a chart on 
a more favorable projection. 

If a chart with nonparallel meridians, such as the Lambert conformal, is used, 
the true azimuth should be plotted by protractor or plotter and measured at the 
meridian of the assumed position. On a chart having a grid overprint the true 
azimuth can be converted to grid azimuth, using the longitude of the assumed 
position, and the direction measured from any grid line. This method involves an 
additional step, with no real advantage. 

Lines of position from high-altitude observations, te be plotted as circles with 
the geographical position as the center (art. 2024), should not be plotted on a 
Mercator chart because of the rapid change of scale, resulting in distortion of the 
circle as plotted on the chart. 

Lines of position are advanced or retired as in any latitude. However, the 
movement of the line is no more accurate than the estimate of the direction and 
distance traveled, and in polar regions this estimate may be of less than usual 
accuracy. In addition to his problem of estimated direction of travel, the polar 
navigator may encounter difficulty in accurately plotting the direction determined. 
If an accurate gyrocompass is used, the ship follows a rhumb line, which is accu- 
rately shown only on a Mercator chart. If a magnetic compass 1s used, the rapid 
change in variation may be a disturbing factor. If the ship is in ice, the course line 
may be far from straight. a 

Because of the various possible sources of error involved, it is good practice to 
avoid advancing or retiring lines for a period longer than about two hours. When 
the sun is the only body available, best results can sometimes be obtained by 
making an observation every hour, retiring the most recent line one hour and 
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advancing for one hour the line obtained two hours previously. The present position 
is then obtained by dead reckoning from the running fix of an hour before. Another 
technique is to advance the one or two previous lines to the present time for a 
running fix. A third method is to drop a perpendicular from the dead reckoning or 
estimated position to the line of position to obtain a new estimated position, from 
which a new dead reckoning plot is carried forward to the time of the next 
observation. A variation of this method is to evaluate the relative accuracy of the 
new line of position and the dead reckoning or estimated position run up from the 
previous position and take some point between them, halfway if no information is 
available on which to evaluate the relative accuracies. None of these techniques is 
suitable for determining set and drift of the current. 

2534. Rising, setting, and twilight data are tabulated in the almanacs to lati- 
tude 72°N and 60°S. Within these limits the times of these phenomena are deter- 
mined as explained in chapter XIX. 

Beyond the northern limits of these tables the values can be obtained from a 
series of graphs given near the back of the Air Almanac. These graphs are shown in 
appendix G. For high latitudes, graphs are used instead of tables because graphs 
give a clearer picture of conditions, which may change radically with relatively 
little change in position or date. Under these conditions interpolation to practical 
precision is simpler by graph than by table. In those parts of the graph which are 
difficult to read, the times of the phenomena’s occurrence are themselves uncertain, 
being altered considerably by a relatively small change in refraction or height of 
eye. The use of the graphs is explained in chapter XIX. 


General 


2535. Ice.—Several references have been made to ice. The almost constant 
presence of large quantities of ice is one of the distinctive features of polar regions, 
and is one of the primary considerations in any operations in these areas. The 
subject of ice in the sea is covered in chapter XXXVI. 

2536. Knowledge of polar regions.—Operations in polar regions are attended 
by hazards and problems not encountered elsewhere. Lack of knowledge, sometimes 
accompanied by fear of the unknown, has prevented navigation in these areas from 
being conducted with the same confidence with which it is pursued in more familiar 
areas. As experience in high latitudes has increased, much of the mystery surround- 
ing these areas has been dispelled, and operations there have become more predict- 
able. 

Before entering polar regions, the navigator will do well to acquaint himself 
with the experience of those who have preceded him into the areas and under the 
conditions he anticipates. This information can be found in a growing literature 
composed of the accounts of explorers, reports of previous operations in high lati- 
tudes, articles in professional journals, and several books on operations in polar 
regions. Some of it is given in various volumes of sailing directions. 

The search for knowledge should not be confined to navigation. The wise polar 
navigator will seek information on living conditions, survival, geography, ice, cli- 
mate and weather, and operational experience of others who have been to the same 
area. As elsewhere, knowledge and experience are valuable. 

2537. Planning, important in any operation, is vital to the success of polar 
navigation. The first step to adequate planning is the acquisition of full knowledge, 
as discussed in article 2536. No item, however trivial, should escape attention. The 
ship should be provided with all the needed charts, publications, and special naviga- 
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tional material. All available data and information from previous operations in the 
area should be studied. Key personnel should be adequately instructed in polar 
navigation prior to departure or while en route to the polar regions. Forecasts on 
anticipated ice and weather conditions should be obtained before departure and 
after getting under way. All equipment should be put in top operating condition. 
All material should be carefully inspected for completeness and condition. The 
navigator should make certain that all items of equipment are familiar to those 
who will use them. This is particularly true of items not generally used at sea, such 
as charts on an unfamiliar projection, or a bubble sextant. Do not assume anything 
that can be known. On the adequacy and thoroughness of the advanced planning 


and preparation, perhaps more than anything else, will depend the success of polar 
navigation. 


CHAPTER XXVI 


LIFEBOAT NAVIGATION 


Before Emergency Arises 


2601. Introduction.—The methods and techniques used in lifeboat navigation 
are those available at the time. With full equipment, lifeboat navigation differs 
little from that aboard ship. More often, however, it is a matter of improvising 
equipment from available materials, and developing procedures from a knowledge 
of basic principles. Ingenuity is often essential. The officer who navigates by blindly 
“following the steps’ may be of little more value in a lifeboat devoid of familiar 
navigational equipment than the man who has never set foot on the bridge of a 
ship. The wise officer becomes thoroughly familiar with the theory of navigation: 
the celestial triangle, the circle of equal altitude, and the other basic principles 
involved. He should be able to identify the most useful stars, and know how to solve 
his sights by any widely used method, because his favorite method may not be 
available. He should be able to construct a plotting sheet with a protractor, and use 
distress signaling equipment. Familiarity with the coordinates (latitude and longi- 
tude) of land points in the area of operations, ability to interpret wind and weather 
signs, knowledge of the ocean currents, and skill in handling a small boat are parts 
of the practical navigator’s basic education which assume their greatest importance 
in an emergency. For the navigator prepared with such knowledge, and a determi- 
nation to succeed, the situation is never hopeless. Some method of navigation is 
always available. 

2602. Emergency navigation kit.—In time of national emergency, the prudent 
navigator will provide each lifeboat with a kit containing the equipment which it is 
practical to carry for emergency navigational purposes (art. 2603). Even in peace- 
time it is good practice to have one such kit permanently located in the chart house 
or the wheel house so that it can be quickly transferred to a lifeboat when needed. 

The least preparation made should be a check-off list of items to be assembled 
if time permits, so that nothing will be overlooked. Such a list can be helpful even if 
one or more emergency kits have been provided. The list should be kept in a 
prominent place on the bridge or near the lifeboats, perhaps framed under glass. 
All officers should be familiar with its location and should be acquainted with the 
location and identity of each item listed. 

Junior officers or reliable crew members should be assigned the duty of bring- 
ing to their stations, during abandon ship drill, emergency navigational equipment 
not permanently stowed in the boats. A senior officer should then check each item 
against the equipment check-off list to ascertain that nothing has been overlooked. 

2603. Equipment.—If practicable, full navigational equipment should be provid- 
ed. As many as possible of the items in the following list should be included. Al] of 
these except a timepiece, and possibly a sextant and radio, can be kept in the 
emergency navigation kit recommended in article 2602. 

1. Notebook suitable for use as a deck log and for performing computations. 
Several items of information should be written in this notebook in advance, so as to 
be available when and if needed. Such items include the latitude and longitude of 
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various places in the area of operation; any desired information on currents and 
weather; declination and SHA of several widely scattered stars, with any needed 
information on identifying them; desired notes and tables from this chapter and 
elsewhere; any desired general information, such as a list of poisonous fish and 
those items which may prove useful for survival. This section of the notebook 
should be brief and the items limited to those most essential in time of emergency. 

2. Charts and other plotting materials. A pilot chart is most suitable for 
lifeboat use, both for plotting and as a source of information on variation of the 
compass, shipping lanes, currents, winds, and weather. Charts for both summer and 
winter seasons should be included. During World War II pilot charts were printed 
on waterproof material suitable for use in a lifeboat. Plotting sheets (art. 323) are 
useful but not essential if charts are available. The plotting sheets should cover the 
latitudes in which the ship operates. Universal plotting sheets (art. 324) may be 
preferred, particularly if the latitude coverage is large. Several maneuvering 
boards, and several sheets of cross-section paper (preferably with ten squares per 
inch) should be included, as these have many uses. 

3. Plotting equipment. Pencils, erasers, straightedge, protractor, dividers and 
compasses (not essential, but useful), and a knife or pencil sharpener should be 
included. Preferably, the straightedge and protractor should be combined in a single 
device constituting some kind of plotter (art. 605). A ruler graduated in inches and 
fractions may be useful. 

4. Timepiece. A good watch is needed if longitude is to be determined astro- 
nomically. This watch should be waterproof or kept in a waterproof container 
which permits reading and winding of the watch without exposing it to the ele- 
ments. The watch should be wound regularly and a record kept of its error and rate 
of change. Even if one or more such watches are available, the possibility of taking 
along the chronometers should not be overlooked. The optimum timepiece is a 
quartz crystal watch. 

5. Sextant. A marine sextant should be taken along if possible. However, since 
this may be impractical, a lifeboat sextant, or materials for constructing one, should 
be provided. The relatively inexpensive plastic sextants should be more than ade- 
quate for lifeboat use. They should be protected from the direct rays of the sun 
when not in use. Several commercially manufactured lifeboat sextants have been 
made available, particularly during wartime. A lifeboat sextant can be made of 
wood or other rigid material, two small mirrors, and a pivot. The graduations of the 
arc should be double those of a compass rose (an angle of 5° should be labeled 10°, 
etc.). It is not necessary to provide a vernier, or means of adjusting the sextant, 
since accuracy of 0°.1 is satisfactory for lifeboat use. 

6. Almanac. A Nautical Almanac for the current year is desirable. In an 
emergency an almanac for another year can be used for stars and the sun without 
serious error by lifeboats standards, if suitable adjustment is made (art. 2617 ). Some 
form of long-term almanac, as that given in appendix H, might well be copied or 
pasted in the notebook suggested as item 1, above. 

7. Tables. Some form of table will be needed for reducing celestial observations. 
The most suitable is one that does not require much space. If a table of trigonomet- 
ric functions (either logarithmic or natural) is provided, formulas should be includ- 
ed with them. It is not wise to trust the memory for such vital information. A set of 
tables similar to Pub. No. 214 can be made at 5° intervals of the arguments. Only 
one page is needed for each latitude entry (5°) if declination 1s limited to about 30 
(sufficient for bodies of the solar system and many stars), entries are given to the 
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nearest 0°.1 for altitudes and 1° for azimuth, and the delta (A) values are omitted. 
Traverse tables and others given in this chapter are useful. Volume II provides 
tables of trigonometric functions (logarithmic and natural), formulas, a long-term 
almanac, traverse tables, and a sight reduction table (table 35). Due to its contents, 
volume II would be very useful in a lifeboat. 

8. Compass. Each lifeboat is required to carry a magnetic compass. A deviation 
table for each compass should be made while in port, with magnetic material in its 
normal place. It would be well to check the accuracy of each table periodically. 

9. Flashlight. A flashlight is required to be carried in each lifeboat. The 
batteries should be replaced from time to time, as necessary. Extra batteries and 
bulbs might well be carried. 

10. Portable radio. If a portable radio is available, be sure it is included. 
Whether this is one of the transmitting-receiving sets approved by the Federal 
Communications Commission for lifeboat use, or merely a small receiver of limited 
range owned by a crew member, do not overlook it, as it may be used as a radio 
direction finder. 

2604. Position of ship.—A knowledge of the position of the vessel at the time it 
is abandoned is of great importance. The officer on watch on the bridge should 
never permit himself to become careless in the matter of keeping a mental note of 
the approximate position of the vessel. During wartime, or whenever the possibility 
of abandoning ship might reasonably be anticipated, the radio operator should be 
provided with a list of advance dead reckoning positions. 


Abandoning Ship 


2605. Betore lowering boats.—The period between the decision to abandon ship 
and the actual leaving of the vessel is a highly important one. It is also a period of 
mental strain and possible confusion. The degree to which the crew can be prepared 
for the ordeal ahead depends upon the amount of time available and the thorough- 
ness of the preparation that has been made. If there has been advance warning of 
the possibility of the decision, certain preparations can be made before the decision 
is reached. If time permits, after the decision to abandon ship has been made, the 
radio operator should send a final distress message, giving the ship’s position and 
any other pertinent information. It will be important later to know whether an 
acknowledgement of receipt of the message was received. Any available time can be 
wisely used to check the navigational equipment in each boat and assemble missing 
items. There may be time to make a last minute check of position of the ship, 
position of any nearby land, set and drift of current, present and forecast weather, 
watch error, and date. These items should be written down. Perhaps the chart can 
be taken along. Equipment should be properly secured before lowering the boats. In 
a rough sea it may be desirable to lower the sextant, chronometer, and radio into 
the boat after it is afloat. 

2606. Establishing command.—The identity of the person in command of each 
boat, and the over-all commander, should be firmly established. Almost invariably 
this will be the senior officer present. In a lifeboat, perhaps more than in any other 
circumstances, strong leadership is required if the confidence of the crew is to be 
maintained. The officer whom the crew respects as a man, admires as a seaman, 
and recognizes as a gentleman will have little or no trouble with discipline and 
cooperation of all on board. 

Morale is a prime consideration, and it grows in importance with the passage of 
time. The person in command should be recognized as the final authority in all 
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matters, but it is important that he give to each person an opportunity to be heard, 
and that he keep all hands fully informed of the bad as well as of the good. 
Decisions will be more acceptable if the crew has been informed of each consider- 
ation as it arises, and so has been somewhat prepared. Complete fairness and 
impartiality are essential. 

2607. Estimate of the situation.—Perhaps the first item which should engage 
the attention of the person in command, after the lifeboat has cleared the stricken 
vessel, is the questioning of each person aboard to collect all the useful information 
available. It is well to determine what is known regarding the position of the ship, 
ocean currents, weather, astronomy, navigation, seamanship, sailing, etc. Find out 
who owns watches and what each owner knows about the error and rate of his 
watch. Establish a routine for winding and comparing them. No useful skill or 
knowledge should be overlooked; all should be fully considered in making the 
important decision of whether to remain in the vicinity of the disaster in the hope 
of rescue, or to attempt to reach land or a more heavily traveled shipping lane. 

This decision of whether to stay or leave may be the most important one of the 
entire experience. Until comparatively recent times there was no problem. Because 
there was virtually no hope of assistance, the lifeboat crew had to rely upon itself. 
Since the development of modern communication and rescue facilities, however, it 
is often wiser to remain than to complicate the rescue problem by increasing the 
area to be searched. 

The decision should not be made until careful consideration has been given to 
all factors, nor should it be delayed longer than necessary. Considerations vary with 
the circumstances, but certainly the following should be included: 

Was a distress message sent before the ship was abandoned? Did it include the 
position of the ship? How accurate was the position? Is there any reasonable doubt 
that the message was received? If no message was sent, how soon will the ship be 
missed? What rescue facilities are available? How far away are they and how long 
will it be before help arrives? How conspicuous is the lifeboat? What facilities are 
available for attracting attention, either visually or by radar? How proficient is the 
crew in using such equipment? Is a radio transmitter available? What is the 
probable running time to the nearest land in several directions, considering the 
prevailing winds and currents, the motive power available (art. 2614), and the 
ability of the crew to use it? How long will the fresh water and rations last, and 
will they be sufficient to sustain the crew in the physical exertion required? 

If the decision is to stay, how will the crew occupy its time, remembering the 
increased morale problem with an idle crew? How will position be maintained, or 
regained if the boat drifts? Would it be practical to wait two or three days, perhaps, 
in the hope of rescue, and then to set out for land if help does not come? 

If the decision is to leave, where should the boat head? How soon can a well- 
traveled shipping lane be reached? In time of war, where is the enemy and where 
are friends? How large and conspicuous is the land in each direction, considering 
the low height of eye in a lifeboat? It may be better to head for conspicuous land 
500 miles away than for a small, low island 200 miles away, particularly if the 
latter is in a direction of unfavorable winds or currents, or takes the boat farther 
away from shipping lanes. . ; 

Avoid, if possible, a hasty decision that will later be recognized as unwise. 
Discuss the matter thoroughly with the crew, and when the decision is made, 
inform them of the reason for it. Do this in a manner that will invite their 
confidence and support. Inform them of the best estimate of the situation. 
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2608. Selecting the route.—It is not always desirable to head directly for the 
objective. A longer route with favorable winds and currents may be quicker. A 
longer route by way of shipping lanes may enhance the possibility of rescue. 

With clear skies, latitude can be found with relatively crude equipment. But 
unless accurate Greenwich time is available, longitude cannot be found astronomi- 
cally, even with the best equipment; nor is a nonastronomical method likely to be 
available. In the absence of reliable longitude information, it is better to head for a 
point at the latitude of the destination but so far east or west of it that no 
reasonable doubt will exist as to the direction of land when that latitude is reached. 
The distance of the point from the destination depends upon the degree of uncer- 
tainty of the longitude, remembering that this uncertainty is likely to increase with 
time. This method of “parallel sailing’ was used for centuries before a method of 
determining or “discovering” longitude at sea was developed. 

If the objective has a considerable extent in a north-south direction, the need 
for a final east-west leg is less critical, and in attempting to reach a continent or 
very large island, one need not consider it at all. In the absence of better informa- 
tion, an east or west course should be selected from the outset, since most large 
land masses of the earth are oriented in a general north-south direction. 

2609. Keeping boats together.—If more than one boat is launched, every effort 
should be made to keep them together. While the person in charge of each boat is 
responsible for decisions regarding his boat, considerable advantage is to be gained 
by keeping the boats together and recognizing one person, logically the senior 
officer present, as the over-all commander. Since navigational equipment and skill 
probably will differ widely from boat to boat, the benefits of any accurate naviga- 
tion can be shared by all if the boats are close together. Other knowledge can be 
exchanged, equipment shared, and rations distributed equitably. It may be wise to 
shift some personnel among the boats, perhaps on a periodic basis, either to effect a 
better balance of skill and knowledge, or for morale purposes. 

2610. Lookout.—Always there is the possibility of sighting another vessel. 
Hence, a lookout should be posted at all times. This becomes of even greater 
importance when approaching land, or if the location of all land along the route is 
not known. If it is possible to rig a metal object high in the boat, this should be 
done to enhance the possibility of detection by radar. 


Dead Reckoning 


2611. Importance of dead reckoning.—Of the various kinds of navigation, dead 
reckoning alone is always available in some form. It should never be neglected, but 
in a lifeboat it is of more than average importance. A close check should be kept on 
the direction and distance made good, and all disturbing elements such as wind and 
current should be carefully evaluated. Long voyages have been successfully complet- 
ed by this method alone, and landfalls have been made with surprising accuracy. 
This is not meant to minimize the importance of other methods of determining 
position, but with the methods generally available in a lifeboat, one may well find 
that, during the first few days, his dead reckoning positions are more accurate than 
those determined by other methods. If the means of determining direction and 
distance—the elements of dead reckoning—are accurate, it might be well to make 
an adjustment to the dead reckoning only after consistent indication of the magni- 
tude and direction of its error. The dropping of the dead reckoning at each uncer- ~ 
tain “fix” is at best a questionable procedure. The conflicting information likely to 
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ie available calls for careful analysis and good judgment on the part of the naviga- 
or. 

2612. Deck Log.—From the beginning a careful log should be kept. The date 
and time of abandoning ship should be the first entry, followed by navigational 
information available, and the various important decisions and the reasons for 
them. Since the conservation of paper may be important, record only the essentials 
of the important items, but do not overlook the recording in considerable detail of 
the selection of a commanding officer, changes in command, deaths, missing per- 
sons, and navigational information. 

The best determination of the position of abandoning ship should be recorded, 
followed by a full account of courses, distances, positions, winds, currents, and 
leeway. No important navigational information should be left to memory if it can 
be recorded. 

2613. Direction.—As one of the elements of dead reckoning, direction is an 
important item. As indicated in article 2608, a deviation table for each lifeboat 
compass should be determined in port, and checked periodically. At the first con- 
venient opportunity after abandoning ship the accuracy should be checked on the 
course to be followed. 

If an almanac, accurate Greenwich time, and the necessary tables are avail- 
able, the azimuth of any celestial body can be computed and this value compared 
with the azimuth as measured by the compass. If it is difficult to observe the 
compass azimuth, select a body dead ahead and note the compass heading. The 
difference between computed and observed azimuths is compass error. This is of 
more immediate value than deviation, but if the latter is desired, it can be deter- 
mined by applying to the compass error the variation, from the pilot chart. 

Several unique astronomical situations occur, permitting determination of azi- 
muth without computation: 

Polaris is always within 2° of true north for observers between the equator and 
latitude 60°N. When this star is directly above or below the celestial pole, its 
azimuth is exactly north at any latitude. This occurs approximately when the 
trailing star of either Cassiopeia (e Cassiopeiae) or the Big Dipper (Alkaid) is 
directly above or directly below Polaris (fig. 2621). When a line through the trailing 
stars and Polaris is horizontal, the maximum correction should be applied. Below 
latitude 50° this can be considered 1°; and between 50° and 65°, 2°. If Cassiopeia is 
to the right of Polaris, the azimuth is 001° (or 002°), and if to the left, 359° (or 358°). 
The south celestial pole is located approximately at the intersection of a line 
through the longer axis of the Southern Cross with a line from the northernmost 
star of Triangulum Australe perpendicular to the line joining the other two stars of 
the triangle. No conspicuous star marks this spot (figs. 2205-2208). . 

Meridian transit. Any celestial body bears due north or south at meridian 
transit, either upper or lower. This is the moment of maximum (or minimum) 
altitude of the body. However, since the altitude at this time is nearly constant 
during a considerable change of azimuth, the instant of meridian transit may be 
difficult to determine. If time and an almanac are available, and the longitude is 
known, the time of transit can be computed. Pr 

Body on prime vertical. If any method is available for determining when a body 
is on the prime vertical (due east or west), the compass azimuth at this time can be 
observed. Table 25 provides this information. Any body on the celestial equator 
(declination 0°) is on the prime vertical at the time of rising or setting. For the sun 
this occurs at the time of the equinoxes (art. 1419). The star Mintaka (6 Orionzis), 
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the Jeading star of Orion’s belt, has a declination of approximately 0°3S and can be 
considered on the celestial equator. For an observer near the equator, such a body 
is always nearly east or west. Because of refraction and dip, the azimuth should be 
noted when the center of the sun or a star is a little more than one sun diameter 
(half a degree) above the horizon. The moon should be observed when its upper limb 
is on the horizon. 

Body at rising or setting. Except for the moon, the azimuth angle (art. 1430) of a 
body is almost the same at rising as at setting, except that the former is toward the 
east and the latter toward the west. If the azimuth is measured both at rising and 
setting, true south (or north) is midway between the two observed values, and the 
difference between this value and 180° (or 000°) is the compass error. Thus, if the 
compass azimuth of a body is 073° at rising, and 277° at setting, true south (180°) is 
at 

073° 4+277° 


= 1b? 


by compass, and the compass error is 5°E. This method may be in error if the boat 
is moving rapidly in a north or south direction. If the declination and latitude are 
known, the true azimuth of any body at rising or setting can be determined by 
means of a diagram on the plane of the celestial meridian (art. 14382) or by computa- 
tion (art. 2125). For this purpose the body (except the moon) should be considered as 
rising or setting when its center is a little more than one sun diameter (half a 
degree) above the horizon, because of refraction and dip. 

The direction of the sun in relation to the hands of a watch is sometimes 
advocated, but the limitations of this method are too great to permit general 
application. 

A simple nonastronomical method can be used for determining the deviation. 
An object that will float but not drift rapidly before the wind is thrown overboard. 
The boat is then steered as steadily as possible in the opposite direction to that 
desired. At a distance of perhaps half a mile, or more if the floating object is still 
clearly in view, the boat is turned around in the smallest practicable radius, and 
headed back toward the floating object. The magnetic course is midway between the 
course toward the object and the reciprocal of the course away from the object. 
Thus, if the boat is on compass course 151° while heading away from the object, and 
337° while returning, the magnetic course is midway between 337° and 
151°+ 180° =381°, or 


337° +. 331° 
Pv Ete toe 


Since 334° magnetic is the same as 337° by compass, the deviation on this heading is 
3°W. 

If a compass is not available, any celestial body can be used to steer by, if its 
diurnal apparent motion is considered. A reasonably straight course can be steered 
by noting the direction of the wind, the movement of the clouds, the direction of the 
waves, or by watching the wake of the boat. A line can be secured to the side of the 
boat at a point amidships or forward. The line should tend parallel to the centerline 
of the boat if on a straight course. The angle between the centerline and the wake 
is an indication of the amount of leeway. The accuracy of the towed-object or wake 
method is affected adversely by a cross sea. 
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A body having a declination the same as the latitude of the destination is over 
the destination once each day, at the time when its hour angle is the same as the 
longitude, measured westward through 360°. At this time it should be dead ahead if 
the boat is following the great circle leading directly through the destination. 

2614. Motive power.—A lifeboat is equipped with one or more of the following 
means of locomotion: oars, hand-operated propeller, motor, sail. Inflatable rafts 
usually have no means of locomotion other than paddles. Of these, only sail offers a 
practical means of travel over an extended period of time. Men living in an open 
boat, perhaps on reduced rations, should not attempt to expend their strength on 
hand locomotion, except for short periods. Likewise, the comparatively small fuel 
supply in a motorboat should be hoarded jealously. It may be desperately needed 
later, as for landing through a surf, preventing the boat from drifting onto a rocky 
coast, or making the land when a strong current is carrying the boat past an island. 

A sail should be rigged, for in it lies the best hope of reaching distant land. If 
the standard lifeboat sail is not available, a substitute can usually be devised, using 
the boat cover, or even clothing, and oars. 

2615. Distance can be determined directly between accurate fixes, but generally 
it is found by means of speed and elapsed time. A loaded lifeboat will not travel 
fast, under normal conditions. With fair wind and weather it may make good a 
speed of about two knots through the water. Hence the importance of wind and 
current. The navigator used to observing the sea from a high bridge usually overes- 
timates his speed in a lifeboat, where he is only a few feet from the water. With 
practice, his ability should improve. 

Speed may be determined by using a form of chip log. Attach a long line to a 
heavy, floating object. Put one knot in the line twelve or fifteen fathoms from the 
object, and another just ten fathoms (or any convenient distance) from the first. 
Stream the device over the side and let the line run out freely, noting the elapsed 
time between passage of the two knots through the hand. A variation of this is the 
Dutchman’s log. A floating object is thrown overboard at the bow, and the elapsed 
time required for a known length along the centerline to pass it is noted. If a line is 
attached to the object, it may be used many times. With either variation, it is well 
to tie the bitter end of the line to the boat, to minimize danger of losing the whole 
device overboard. 

With either the chip or Dutchman’s log, the speed is determined by the formu- 
la: 

60 seconds per minutex60 minutes per hour feet between marks 


5= 
6,000 feet per milexseconds of elapsed time 


This is equal to: 
3,600 x feet between marks 0.6xfeet between marks 


+ 6,000 seconds of elapsed time ~~ seconds of elapsed time 


Since the feet between marks is constant, a convenient number can be selected. 
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Thus, if the length is 16% feet, the formula becomes 
10 


S= 


seconds of elapsed time 


If the elasped time is ten seconds, the boat is traveling at one knot; if five seconds, 
at two knots; if eight seconds, at 1% knots, etc. 

If a watch is not available, a simple pendulum may be devised to time the 
interval. A piece of string with a weight attached, of a length of 9.8 inches (to the 
center of gravity of the weight), will, when suspended, make a complete swing (back 
and forth) once every second. For a pendulum 39.1 inches long the period is two 
seconds. With practice, time can be estimated with fair accuracy. 

It is not always possible to head directly along the course to the destination, 
because of adverse winds. It is better to make good progress in the general direction 
desired than none at all, and much better on morale. However, at times conditions, 
may be so adverse that it will be best to drop sail until the wind shifts or abates. At 
such a time a sea anchor should be streamed to minimize loss of precious mileage, 
and, in severe conditions, to keep the boat headed into the sea. 

2616. Position by dead reckoning.—Plotting can be done directly on a pilot 
chart or plotting sheet. If this proves too difficult, or if an independent check is 
desired, some form of mathematical reckoning may be useful. Table 2616, a simpli- 
fied traverse table, can be used for this purpose. This is a critical-type table, various 
factors being given for limiting values of certain angles. To find the difference or 
change of latitude, 
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TABLE 2616.—Simplified traverse table. 


in minutes, enter the table with course angle, reckoned from north or south toward 
the east or west. Multiply the distance run, in miles, by the factor. To find the 
departure, in miles, enter the table with the complement of the course angle. 
Multiply the distance run, in miles, by the factor. To convert departure to differ- 
ence of longitude, in minutes, enter the table with mid-latitude. Divide the depar- 
ture by the factor. 

Example.—A lifeboat travels 26 miles on course 205°, from L41°44'N, A56°21'W. 

Required.—Latitude and longitude of the point of arrival. 

Solution.—The course angle is 205°—180°=S25°W, and the complement is 
90° — 25° =65°. The factors corresponding to these angles are 0.9 and 0.4, respective- 
ly. The difference of latitude is 26x0.9=23' (to the nearest minute) and the depar- 
ture is 26<0.4=10 mi. Since the course is in the southwestern quadrant, in the 
Northern Hemisphere, the latitude of the point of arrival is 41°44’N —23’=41°21'N. 
The factor corresponding to the mid-latitude 41°32’N is 0.7. The difference of longi- 
tude is 10-+-0.7=14’. The longitude of the point of arrival is 56°21'W +14’ =56°35'W. 

Answer.—L41°21'N, 456°35'W. 


Celestial Navigation 


2617. Celestial coordinates.—Almanac information, particularly declination 
and Greenwich hour angle of bodies, is important to celestial navigation. If the 
current Nautical Almanac is available, there is no problem. If the only copy 
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available is for a previous year, it can be used for the sun, Aries, and stars without 
serious error, by lifeboat standards. However, for greater accuracy, proceed as 
follows: For declination of the sun, enter the almanac with a time that is earlier 
than the correct time by 5°49™ times the number of years between the date of the 
almanac and the correct date, adding 24" for each February 29 that occurs between 
the dates. If the date is February 29, use March 1 and reduce by one the number of 
24" periods added. For GHA of the sun or Aries determine the value for the correct 
time, adjusting the minutes and tenths of arc to agree with that at the time for 
which the declination is determined. Since the adjustment never exceeds half a 
degree, care should be used when the value is near a whole degree, to prevent the 
value from being in error by 1°. Appendix H is a long-term almanac giving values of 
GHA ‘, and GHA and declination of the sun. Instructions for its use are included 
in the appendix. A reproduction of this almanac might profitably be included in the 
navigational kit mentioned in article 2602. 

If no almanac is available, a rough approximation of the declination of the sun 
can be obtained as follows: Count the days from the given date to the nearer solstice 
(June 21 or December 22). Divide this by the number of days from that solstice to 
the equinox (March 21 or September 23), using the equinox that will result in the 
given date being between it and the solstice. Multiply the result by 90°. Enter table 
2616 with the angle so found, and extract the factor. Multiply this by 23°45 to find 
the declination. 

Example 1.—The date is August 24. 

Required.—The approximate declination of the sun. 

Solution.—The number of days from the given date to the nearer solstice (June 
21) is 64. There are 94 days between June 21 and September 23. Dividing and 
multiplying by 90°, 


64 
— 90°= 6173. 
94 


The factor from table 2616 is 0.5. The declination is 23°45 0.5=11°7. It is known to 
be north because of the date. 

Answer.—Dec. 11°7N. 

The accuracy of this solution can be improved by considering the factor of table 
2616 as the value for the mid-angle between the two limiting ones (except that 1.00 
is correct for 0° and 0.00 is correct for 90°), and interpolating to one additional 
decimal. In this instance the interpolation would be between 0.50 at 59°5 and 0.40 
at 66°. The interpolated value is 0.47, giving a declination of 11°0N. Still greater 
accuracy can be obtained by using a table of natural cosines instead of table 2616. 
By natural cosine the value is 11°3N. . 

If the latitude is known, the declination of any body can be determined by 
observing a meridian altitude. In a lifeboat it is usually best to make a number of 
observations shortly before and after transit, plot the values on cross-section paper, 
letting the ordinate (vertical scale) represent altitude, and the abscissa (horizontal 
scale) the time. The altitude is found by fairing a curve or drawing an arc of a 
circle through the points, and taking the highest value. A meridian altitude prob- 
lem is then solved in reverse. . 

Example 2.—The latitude of a lifeboat is 40°16’S. The sun is observed on the 
meridian, bearing north. The observed altitude is 36°29’. 

Required.—Declination of the sun. 
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Solution.—The zenith distance is 90° —36°29’ =53°31'. The sun is 53°31’ north of 
the observer, or 13°15’ north of the equator. Hence, the declination is 13°15’N. 

Answer.—Dec. 18°15'N. 

The GHA Y can be determined approximately by considering it equal to GMT 
(in angular units) on September 23. To find GHA on any other date, add 1° for 
each day following September 23. The value is approximately 90° on December 22, 
180° on March 21, and 270° on June 21. The values so found can be in error by as 
much as several degrees, and so should not be used if better information is avail- 
able. An approximate check is provided by the great circle through Polaris, Caph 
(the leading star of Cassiopeia), and the eastern side of the square of Pegasus. When 
this great circle coincides with the meridian, LHA Y is approximately 0°. The hour 
angle of a body is equal to its SHA plus the hour angle of Aries. 

If an error of as much as 4°, or a little more, is acceptable, the GHA of the sun 
can be considered equal to GMT+ 180° (125). For more accurate results, one can 
make a table of the equation of time from the Nautical Almanac perhaps at five- or 
ten-day intervals, and include this in the emergency navigation kit mentioned in 
article 2602. The equation of time is applied according to its sign to GMT+180° to 
find GHA. 

2618. Altitude measurement.—If a sextant is available, either one from the 
pilot house or an emergency-type instrument, altitudes are measured in the usual 
manner. The sextant should be shielded as much as possible from wind and spray. 
If the sea is rough, the observer should brace himself against the mast and make 
his observation when on the crest of a wave, when the horizon is least likely to be 
obscured by nearby waves. It is usually good practice to make a number of observa- 
tions and average both the altitudes and times, or plot on cross-section paper the 
altitudes versus time, using any convenient time and the corresponding altitude for 
solving the observation. 

The improvisations which may be made in the absence of a sextant are so 
varied that in virtually any circumstances the application of a little ingenuity and 
some effort will produce a device for measuring altitude. The results obtained with 
any improvised method will be approximate at best, but if a number of observations 
are averaged, the accuracy should be improved. Almost always a measurement, 
however approximate, is better than an estimate. Two general classes of improvisa- 
tion are available: 

1. By circle. Any circular scale, such as a maneuvering board, compass rose, 
protractor, or plotter can be used to measure altitude or zenith distance directly. 
This is the principle of the ancient astrolabe (art. 124). A maneuvering board or 
compass rose is usually handled best by mounting it on a flat board. A protractor or 
plotter may be so mounted or used directly. There are a number of variations of the 
technique of using such a device. Some of them are: 

A peg or nail is placed at the center of the circle and perpendicular to it. A 
weight is hung from the 90° graduation, and a string for holding the device is 
attached at the 270° graduation. When it is held with the weight acting as a plumb 
bob, the 0°—180° line is horizontal (fig. 2618a). In this position the board is turned 
in azimuth until it is in line with the sun. The intersection of the shadow of the 
center peg with the arc of the circle indicates the altitude of the center of the sun. 

The weight and loop can be omitted and pegs placed at the 0° and 180° points of 
the circle. While one observer sights along the line of pegs to the horizon, an 
assistant notes the altitude. 
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Figure 2618a.—Improvised astrolabe; shadow method. Pegs and board shown tilted for clarity. 
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The weight can be attached to the center pin, and the three pins (0°, center, 
180°) aligned with the celestial body. The reading is made at the point where the 
string holding the weight crosses the scale. The reading thus obtained is the zenith 
distance unless the graduations are labeled to indicate altitude. This method, illus- 
trated in figure 2618b, is used for bodies other than the sun. 
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Ficure 2618b.—Improvised astrolabe; 
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Whatever the technique it is good practice to reverse the device for half the 
readings of a series, to minimize errors of construction. Generally, the circle method 
produces more accurate results,than the right triangle method, described below. 

2. By right triangle. The principle of the ancient cross-staff can be used to 
establish one or more right triangles, which can be solved by measurement of the 
angle representing the altitude, either directly or by reconstructing the triangle. 
Another way of determining the altitude is to measure two of the sides of the 
triangle and divide one by the other to determine one of the trigonometric func- 
tions. This procedure, of course, requires a source of information on the values of 
trigonometric functions corresponding to various angles. If the cosine is found, table 
2616 can be used. The tabulated factors can be considered correct to one additional 
decimal for the value midway between the limited values (except that 1.00 is the 
correct value for 0° and 0.00 is the correct value for 90°) without serious error by 
lifeboat standards. Interpolation can then be made between such values. By either 
protractor or table, most devices can be graduated in advance so that angles can be 
read directly. There are many variations of the right triangle method. Some of 
these are: 

Two straight pieces of wood can be attached to each other in such a way that 
the shorter one can be moved along the longer, the two always being perpendicular 
to each other. The shorter piece is attached at its center. One end of the longer arm 
is held to the eye. The shorter arm is moved until its top edge is in line with the 
celestial body, and its bottom edge is in line with the horizon. Thus, two right 
triangles are used (the third sides being the slant distances between the ends of the 
arms) each representing half the altitude (fig. 2618c). For low altitudes, only one of 
the triangles is used, the long arm being held in line with the horizon. The length 
of half the short arm, divided by the length of that part of the long arm between 
the eye and the intersection with the short arm, is the tangent of half the altitude 
(the whole altitude if only one right triangle is used). The cosine can be found by 
dividing that part of the long arm between the eye and the intersection with the 
short arm by the slant distance from the eye to one end of the short arm. Gradua- 
tions consist of a series of marks along the long arm indicating settings for various 
angles. The device should be inverted for alternate readings of a series. 


TO HORIZON 


FiGureE 2618c.—Improvised cross-staff. 


A rule or any stick can be held at arm’s length. The top of the rule is placed in 
line with the celestial body being observed, and the top of the thumb is placed in 
line with the horizon. The rule is held vertical. The length of rule above the thumb, 
divided by the distance from the eye to the top of the thumb is the tangent of the 
angle observed. The cosine can be found by dividing the distance from the eye to 
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the top of the thumb by the distance from the eye to the top of the rule. If the rule 
is tilted toward the eye until the minimum of rule is used, the distance from the 
eye to the middle of the rule is substituted for the distance from the eye to the top 
of the thumb, half the length of the rule above the thumb is used, and the angle 
found is multiplied by two. Graduations consist of marks on the rule or stick 
indicating various altitudes. For the average observer each inch of rule will subtend 
an angle of about 2°3, assuming an eye-to-ruler distance of 25 inches. This relation- 
ship is good to a maximum altitude of about 20°. The accuracy of this relationship 
for a specific observer can be checked by comparing the measurement against 
known angles in the sky. Angular distances between stars can be computed by sight 
reduction methods, including Pub. No. 229, by using the declination of one star as 
the latitude of the assumed position, and the difference between the hour angles (or 
SHA’s) of the two bodies as the local hour angle. The angular distance is the 
complement of the computed altitude. The angular distances between some well- 
known star pairs are: end stars of Orion’s belt, 2°7; pointers of the Big Dipper, 5°4, 
Rigel to Orion’s belt, 9°70; eastern side of the great square of Pegasus, 14°70; Dubhe 
(the pointer nearer Polaris) and Mizar (the second star in the Big Dipper, counting 
from the end of the handle), 19°3. 

The angle between the lines of sight from each eye is, at arm’s length, about 6°. 
By holding a pencil or finger horizontal, and placing the head on its side, one can 
estimate an angle of about 6° by closing first one eye and then the other, and noting 
how much the pencil or finger appears to move in the sky. 

The length of the shadow of a peg or nail mounted perpendicular to a horizon- 
tal board can be used as one side of an altitude triangle. The other sides are the 
height of the peg and the slant distance from the top of the peg to the end of the 
shadow. The height of the peg, divided by the length of the shadow, is the tangent 
of the altitude of the center of the sun. The length of the shadow divided by the 
slant distance is the cosine. Graduations consist of a series of concentric circles 
indicating various altitudes, the peg being at the common center. The device is kept 
horizontal by floating it in a bucket of water. Half the readings of a series are 
taken with the board turned 180° in azimuth. 

Two pegs or nails can be mounted perpendicular to a board, with a weight hung 
from the one farther from the eye. The board is held perpendicular and the two 
pegs aligned with the body being observed. The finger is then placed over the string 
holding the weight, to keep it in position as the board is turned on its side. A 
perpendicular is dropped from the peg nearer the eye, to the string. The altitude is 
the acute angle nearer the eye. For alternate readings of a series, the board should 
be inverted. Graduations consist of a series of marks indicating the position of the 

i various altitudes. 
poe altitude decreases, the triangle becomes smaller. At the celestial horizon 
it beocomes a straight line. No instrument is needed to measure the altitude when 
either the upper or lower limb is tangent to the horizon, as the “‘sextant’’ altitude is 
then 0°. , 

2619. Sextant altitude corrections.—If altitudes are measured by a marine 
sextant, the usual sextant altitude corrections apply (ch. XVI). If the center of the 
sun or moon is observed, either by sighting at the center or by shadow, the lower- 
limb corrections should be applied, as usual, and on additional cna of eee 
applied. If the upper limb is observed, use (—)82". If a in ap a 
bob, or if the length of a shadow is measured, omit the dip (height of eye) correction. 
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If the almanac is not available for making corrections, each source of error can 
be corrected separately, as follows: 

Index correction. If a sextant is used, the index correction should be deter- 
mined and applied to all observations, or the sextant adjusted to eliminate index 
error. 

Refraction is given to the nearest minute of arc in table 2619. The value for a 
horizon observation is 34’. If the nearest 0°1 is sufficiently accurate, as with an 
improvised method of observing altitude, a correction of 0°1 should be applied for 
altitudes between 5° and 18°, and no correction applied for greater altitudes. Refrac- 
tion applies to all observations, and is always a minus (—) correction. 


21 ee SOC OS moO 
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TABLE 2619.—Refraction. 


Dip, in minutes of arc, is approximately equal to the square root of the height 
of eye, in feet. The correction applies to all observations in which the horizon is 
used as the horizontal reference. It is always a minus (—) correction. If 0°1 accura- 
cy is used, no dip correction is needed for lifeboat heights of eye. 

Semidiameter. The semidiameter of either the sun or moon does not differ 
greatly from 16’. The correction does not apply to other bodies or to observations of 
the center of the sun and moon, by whatever method, including shadow. The 
correction is plus (+) if the lower limb is observed, and minus (—) if the upper limb 
is observed. 

Parallax. For lifeboat accuracy, parallax is applied to observations of the moon 
only. An approximate value, in minutes of arc, can be found by multiplying 57’ by 
the factor from table 2616, entering that table with altitude. For more accurate 
results the factors can be considered correct to one additional decimal for the 
altitude midway between the limiting values (except that 1.00 is correct for 0° and 
0.00 is correct for 90°), and the values for other altitudes can be found by interpola- 
tion. This correction is always plus (+). 

For observations of celestial bodies on the horizon, the total correction for zero 
height of eye is: 

Sun. Lower limb: (—)18’, upper limb: (—)50’. 
Moon. Lower limb: (+)89’, upper limb: (+.)7’. 
Planet or star. (—)34’. 


Dip should be added algebraically to these values. 

Since the “sextant” altitude is zero, the “observed” altitude is equal to the total 
correction. 

2620. Sight reduction.—If any tables designed for sight reduction, such as Pub. 
No. 229, are available, they should be safeguarded to prevent loss or damage. If 
trigonometric tables and the necessary formulas are available, they will serve the 
purpose. Speed in solution is seldom a factor in a lifeboat. A slow method might 
actually be an asset, from a morale standpoint, as it will provide occupation for a 
limited time for at least one crew member. The tables and formulas given in 
volume II would be useful. If tables but no formulas are available, carefully deter- 
mine the mathematical knowledge possessed by the crew. Someone may be able to 
provide the missing information. If the formulas are available, but no tables, 
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approximate natural values of the various trigonometric functions can be obtained 
graphically by the method explained in article 139 of volume II. Graphical solution 
of the navigational triangle can be made by the orthographic method explained in 
article 1432. A maneuvering board might prove helpful in the graphical solution for 
either trigonometric functions or altitude and azimuth. Very careful work will be 
needed for useful results by either method. 

Unless full navigational equipment is available, better results might be ob- 
tained by making separate determinations of latitude and longitude. 

2621. Latitude determination.—Several methods are available for determining 
latitude, and in none of them is accurate time needed. 

Meridian altitude. Latitude can be determined by means of a meridian altitude 
of any body, if its declination is known. The method is explained in article 2103. If 
accurate time, knowledge of the longitude, and an almanac are available, the 
observation can be made at the correct moment, as determined in advance. Howev- 
er, if any of these is lacking, or if an accurate altitude-measuring instrument is 
unavailable, better procedure is to make a number of altitude observations before 
and after meridian transit. A plot is then made of altitude versus time, if cross- 
section paper is available, and the highest (or lowest, for lower transit) altitude is 
scaled from a curve faired through the plotted points. At lifeboat speeds this 
procedure is not likely to introduce a significant error. The time used for plotting 
the observations need not be accurate, as elapsed time between observations is all 
that is needed, and this is not of critical accuracy. Thus, even a watch that has run 
down and then been rewound can be used without resetting. Any altitudes that are 
not consistent with others of the series should be discarded. 

Polaris. Latitude by Polaris is explained in article 2027. In a lifeboat, only the 
first correction is of practical significance. If suitable tables are not available, this 
correction can be estimated. The trailing star of Cassiopeia (€ Cassiopeiae) and 
Polaris have almost exactly the same SHA. The trailing star of the Big Dipper 
(Alkaid) is nearly opposite Polaris and € Cassiopeiae. These three stars, € Cassio- 
peiae, Polaris, and Alkaid, form a line through the pole (approximately). When this 
line is horizontal, there is no correction. When it is vertical, the maximum correc- 
tion of 56’ applies. It should be added to the observed altitude if Alkaid is at the top, 
and subtracted if ¢ Cassiopeiae is at the top. For any other position, estimate the 
angle this line makes with the vertical (fig. 2621), and multiply the maximum 
correction (56’) by the factor from table 2616, adding if Alkaid is higher than 
€ Cassiopeiae, and subtracting if it is lower. For more accurate results, the factor 
from table 2616 can be considered accurate to one additional decimal for the mid- 
value between those tabulated (except that 1.00 is correct for 0° and 0.00 for 90°). 
Other values can be found by interpolation. 

Length of day. The length of the day varies with latitude. Hence, latitude can 
be determined if the elapsed time between sunrise and sunset can be observed. 
Correct the observed length of day by adding 1™ for each 15’ of longitude traveled 
toward the east and subtracting 1™ for each 15’ of longitude traveled toward the 
west. The latitude determined by length of day is the value for the time of meridian 
transit. Since meridian transit occurs approximately midway between sunrise and 
sunset, half the interval may be observed and doubled. If a sunrise and sunset table 
is not available, the length of daylight can be determined graphically by means of a 
diagram on the plane of the celestial meridian (art. 1432). A maneuvering board is 
useful for this purpose. This method cannot be used near the time of the equinoxes, 
and is of little value near the equator. The moon can be used if moonrise and 
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FicguRE 2621.—Relative positions of € Cassio- 
peiae, Polaris, and Alkaid with respect to the 
north celestial pole. 


moonset tables are available, but with the moon the half-interval method is of 
insufficient accuracy, and allowance should be made for the longitude correction. 

Body in zenith. The declination of a body in the zenith is equal to the latitude 
of the observer. If no means are available for measuring the altitude, the position of 
the zenith may possibly be estimated in a calm sea by lying in the lifeboat and 
looking skyward. The accuracy of the results depends upon the ability to estimate 
the position of the zenith. Use of a plumb bob may help. 

Variation of the compass can occasionally be used for determining latitude, as 
explained in article 2622. 

2622. Longitude determination.—Unlike latitude, longitude requires accurate 
Greenwich time for its determination by astronomical means. All such methods 
consist of noting the Greenwich time at which a phenomenon occurs locally. In 
addition, a table indicating the time of occurrence of the same phenomenon at 
Greenwich, or equivalent information, is needed. 

Time of transit. When a body is on the local celestial meridian, its GHA is the 
same as the longitude of the observer if in west longitude, or 360°—X in east 
longitude. Thus, if the GMT of local transit is determined and a table of Greenwich 
hour angles (or time of transit of the Greenwich meridian) is available, longitude 
can be computed. If only the equation of time is available, the method can be used 
with the sun. This is the reverse of the problem of finding the time of transit of a 
body (art. 2104). The time of transit is not always apparent. If a curve is made of 
altitude versus time, as suggested in article 2621, the time corresponding to the 
highest altitude is used in the determination of longitude. Under some conditions it 
may be preferable to observe an altitude before meridian transit and then again 
after meridian transit, when the body has returned to the same altitude as at the 
first observation. Meridian transit occurs midway between these two times. A body 
in the zenith is on the celestial meridian. If accurate azimuth measurement is 
available, note the time when the azimuth is 000° or 180°. 

Sunrise and sunset. The difference between the observed GMT of sunrise or 
sunset and the LMT tabulated in the almanac is the longitude in time units, which 
can then be converted to angular measure. If the Nautical Almanac is used, this 
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information is tabulated for each third day only. Greater accuracy can be obtained 
if interpolation is used for determining intermediate values. Moonrise or moonset 
can be used if the tabulated LMT is corrected for longitude (art. 1812). Planets and 
stars can be used if the means are available for determining the time of rising or 
setting. This can be determined by computation (art 1909) or, approximately, by 
means of a diagram on the plane of the celestial meridian (art. 1432). 

Either of these methods can be used in reverse to set a watch that has run 
down, or to check the accuracy of a watch, if the longitude is known. In the case of 
a meridian transit the time need not be determined at the instant of transit. The 
watch is started and the altitude is then measured several times before and after 
transit, or at equal altitudes. The times of these observations are noted and from 
them the time of meridian transit is determined. The difference between this time 
and the correct time of transit can then be used as a correction to reset the watch. 
If a watch runs down and cannot be reset from other timepieces, the correct time 
should be determined at the first opportunity, if the longitude accuracy is likely to 
deteriorate. 

Variation of the compass. If the deviation of the compass is known accurately 
and an accurate azimuth can be observed, it is possible to determine the variation. 
If this is compared with the variation shown on the pilot chart, an approximate line 
of position can be determined. Since in many areas these lines run in a generally 
north-south direction, this may be an indication of the longitude. However, if the 
line has a large east-west component, it should be considered as any other such line 
of position, rather than as a longitude line. In some areas it is more nearly a 
latitude line. The accuracy of the method depends upon the accuracy with which 
the variation can be determined, and the spacing between adjacent isogonic lines. 

Time sight. If altitude of a celestial body is available, including zero “sextant” 
altitude at rising or setting (art. 2619), longitude can be found by time sight (art. 
2106). 


Approaching Land 


2623. Signs of land.—There are a number of signs which may indicate that the 
lifeboat is approaching land. 

The sky will sometimes indicate a break in the open sea. A small fixed cloud, 
when surrounding ones are in motion or absent, will usually be over or close to 
land. At high latitudes, a light-colored reflection in the sky might be over an ice 
area; a light green reflection in the tropical sky might indicate a shallow lagoon. 
Such indications may be even more apparent on the under side of a uniform cloud 
layer. 

é Birds most often fly away from land at dawn and toward it at dusk. A large 
number of birds may indicate the nearness of land. 

Swell, properly interpreted, may be used as a guide to land. Consecutive swells 
travel parallel until they reach an island and then “bend” around it. Eddies are 
formed where the distorted swell meets beyond the island. This eddy line may be 
used as a bearing to land, sometimes at a considerable distance. 

The color of the sea may act as a guide in finding land as the open sea 
generally appears dark blue or dark green, and a lighter shade indicates shallow 
water, which may be near land. 

The sound of the surf is often heard while still a considerable distance from 
land. Other sounds may also be heard at great distances. 

Odors, as from burning wood, sometimes carry a long way out to sea. 
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Sounds and odors may be particularly helpful in periods of reduced visibility. 

2624. Distance off.—At sea in a lifeboat the navigator is handicapped by his 
limited range of visibility. Distance to the horizon, in nautical miles, is given 
approximately by the formula 1.15Vh, h being the height of eye in feet. Thus, 
distance in miles is approximately 1% times the square root of the height in feet. 
At an eye height of nine feet, the horizon is about 34% miles away. A loaded Victory 
ship, whose greatest mast height is about 81 feet above the waterline, could be seen 
1.15V81 or 10.35 miles by an observer at zero height of eye. At a height of eye of 
nine feet the top of the mast should break the horizon when the ship is about 13.8 
miles off. 

If the height of an object above the horizon, or the distance between points on 
it is known, a simple proportion can be solved to determine the distance off by use 
of the cross-staff (art. 2618) or a similar device. To do this, align the two ends of the 
crosspiece with top and bottom, or two ends, of the object. The ratio of the length of 
the crosspiece to the length from this piece to the eye is the same as the ratio of the 
height (or length) of the object to its distance from the observer (fig. 2624). Thus, if 
the crosspiece is 18 inches and the intercepted length of the long piece is 31 inches, 
the distance to an island 1% miles wide in the line of sight is found from the 
proportion 


ifs; Jk) 1D) 9 Gil 
= 5 or = 
Bye 1D) ily ie 
15x31 
D= =2.6 miles. 
18 


Figure 2624.—Using the cross-staff to measure distance. 


In this proportion the two parts of either fraction must be expressed in the same 
units if results are to be obtained without a conversion factor. Thus, both 18 and 31 
are expressed in inches, and both 1.5 and 2.6 are in miles. For small or distant 
objects the crosspiece may be too long. In this case replace it with a shorter one, use 
half or less of it, or substitute some other device such as a rule held at arm’s length 
In the case of a height, only the visible part of the object is used if the horizon ic 
between the observer and the object. 

A variation of this method can produce approximate results rather quickly 
Hold a pencil, stick, or finger vertical at arm’s length. Close one eye and align thd 
vertical member with one end of an object such as an island. Open the closed eye 
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and close the other one. Estimate the distance the vertical member appears to move 
against the background. The distance of the background object is ten times the 
amount of apparent movement, in the same units. The actual ratio varies somewhat 
among individuals and can be determined by comparing the length of the out- 
stretched arm with the distance between eyes—or by practice on objects of known 
size at known distances. For vertical objects hold the extended member horizontal 
and bend the head until it, also, is horizontal. 

2625. Beaching the boat.—The beaching of a lifeboat may be one of the most 
dangerous parts of the entire experience. The approach to an island should be made 
on the lee side, if possible, and every effort should be made to attract the attention 
of any inhabitants so that advice on the best place to land, and perhaps assistance, 
might be obtained. If no help is available, sail parallel to the coast to study the 
terrain and determine the safest place to beach the boat. A lagoon or other shel- 
tered area may be available. It may be necessary to delay the landing overnight to 
make a complete study of the terrain and to beach the boat by daylight. Surf 
appears less rough from the sea than from land. High spray indicates a rough surf. 

If a steering oar is available, the rudder should be unshipped before the boat is 
brought in, as the steering oar will provide better control in the surf zone. The sea 
anchor should be used to lessen the possibility of broaching and capsizing. Storm oil 
should be used, if available, to reduce the roughness of the surf. It is possible that 
the course can be altered somewhat while heading in to the beach, to take advan- 
tage of a better opening, but care should be taken to avoid broaching. Additional 
information on handling a boat in a surf can be found in nearly any book on 
seamanship. 

2626. Ashore.—Once the boat has been safely beached, the problem remains to 
lead the survivors to civilization. Perhaps the land will be heavily populated and 
the boat met by local people, or the way to safety may be indicated by a road or 
trail. But the boat may be beached at a deserted place where there are no signs of 
life. 

Many of the methods used to determine position at sea may also be used 
ashore, and usually with greater accuracy due to the absence of motion. 


Problems 


2613a. The compass azimuth of the sun is 126° at rising and 252° at setting. 

Required.—Compass error. 

Answer.—CE 9°W. 

2613b. A life preserver is thrown overboard from a lifeboat and the boat headed 
away on course 355°. At a distance of half a mile the boat turns and heads back for 
the life preserver. The return course is 169°. The variation is 5°W. 

Required.—(1) True course back to the life preserver. 

(2) Deviation on this heading. 

Answers.—(1) TC 167°, (2) D 3°E. . 

2615. The two knots in the log line of an improvised chip log of a lifeboat are 
16% feet apart. The elapsed time between passage of the knots through the hands 
of the observer is 4 seconds. 

Required.—Speed of the lifeboat. 

r.—S 2.5 kn. 

Baan lifeboat travels 18 miles on course 110°, from lat. 35°15’S, long. 82°31’W. 

Required.—Latitude and longitude of the point of arrival. 

Answer.—L 35°20’S, A 82°11'W. 
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2617a. The date is November 15. 

Required.—The approximate declination of the sun, without reference to an 
almanac. 

Answer.—Dec. 18°8'S. 

2617b. The latitude of a lifeboat is 22°47’N. A star is observed on the meridian, 
bearing north. The observed altitude is 66°50’. 

Required.—Declination of the star. 

Answer.—Dec. 45°57'N. 

2617c. The GMT is 1000, October 15. 

Required.—Approximate GHA ‘, without reference to an almanac. 

Answer.—GHA ‘YP 172°. 

2624. Approaching land, the navigator wishes to determine his distance from a 
lighthouse situated on the coast. He holds a rule at arm’s length and finds that % 
inch of the rule appears the same height as the top of the lighthouse above water. 
He estimates the distance from his eye to the rule as 24 inches, and the height of 
the top of the lighthouse as 150 feet above water. 

Required.—Distance to the lighthouse. 

Answer.—D 0.9 mi. 
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NAVIGATIONAL SAFETY 


2701. Introduction.—The discussion of navigational safety in this chapter sup- 
plements the discussions of safety matters in other chapters. For example, the 
fallibility of floating aids to navigation is discussed in chapter IV. 

Where applicable, the mariner should always refer to the more detailed infor- 
mation given in the publications corrected by Notice to Mariners, e.g. Pubs. Nos. 
117A and 117B, Radio Navigational Aids. 


Published Warnings 


2702. Notice to Mariners is published weekly by the Defense Mapping Agency 
Hydrographic/Topographic Center and is prepared jointly with the National Ocean 
Service and the U. S. Coast Guard. It is published to advise mariners of important 
matters affecting navigational safety, including new hydrographic discoveries, 
changes in channels and aids to navigation, etc. (U. S. Code Title 10, Secs. 7391 and 
7392 and Title 44, Sec. 1336 refers). Besides keeping mariners informed generally, 
the information published in Notice to Mariners is particularly designed to simplify 
the correction aboard oceangoing ships of charts, sailing directions, light lists, and 
other publications produced by the Defense Mapping Agency Hydrographic/Topo- 
graphic Center, the National Ocean Service, and the U. S. Coast Guard. 

All corrections listed affect the safety of navigation, and it is the responsibility 
of users to decide which of their charts and publications require correction. In the 
interest of navigational safety, suitable records of Notice to Mariners corrections 
should be maintained to facilitate the updating of charts and publications prior to 
their use. Because of the sometimes transitory nature of aids to navigation, depths, 
and port information, local area sources should be consulted whenever possible. 

Information for Notice to Mariners is contributed by the following agencies: 
Defense Mapping Agency Hydrographic/Topographic Center (Department of De- 
fense) for waters outside the territorial limits of the United States; National Ocean 
Service (National Oceanic and Atmospheric Administration, Department of Com- 
merce), which is charged with the surveys and charting of the coasts and harbors of 
the United States and its territories; the U. S. Coast Guard (Department of Trans- 
portation) which is responsible for the safety of life at sea and the establishment 
and operation of aids to navigation; and the Corps of Engineers, U. S. Army 
(Department of Defense) which is charged with the improvement of rivers and 
harbors of the United States. In addition, important contributions are made by 
foreign hydrographic offices and cooperating observers of all nationalities. 

Notice to Mariners, relating to the Great Lakes and tributary waters west of 
Montreal, Canada, is published weekly by the U. S. Coast Guard. These Notices 
contain selected items from Local Notices to Mariners and other reported marine 
information and are intended primarily for use in correcting Great Lakes charts 
and related publications. 

Mariners are requested to cooperate in the corrective maintenance of naviga- 
tional charts and publications by reporting all discrepancies between published 
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information and conditions actually observed or encountered, and by recommending 
appropriate additions, deletions, or improvements. A convenient reporting form is 
provided in the back of most issues of Notice to Mariners. 

Information affecting National Ocean Service charts and publications, or con- 
cerning coasts and waters of the United States and its territories should be sent to 
the Director, National Ocean Service. Deficiencies in aids to navigation, either 
visual or electronic, on the coasts or waters of the United States or its territories 
should be reported to the nearest Coast Guard District Office. Suggestions regarding 
these aids should also be sent to the Coast Guard District Office. 

Notice to Mariners No. 1 contains important information on a variety of sub- 
jects, amplifying information not usually found on charts or navigational publica- 
tions. This information is promulgated as Special Notice to Mariners Paragraphs 
once each year in the interest of safe navigation. Additional items considered of 
interest to the mariner, including a selected listing of firing, bombing, and exercise 
areas, are also included in this Notice. 

The Summary of Corrections published by the Defense Mapping Agency Hydro- 
graphic/Topographic Center contains corrections to charts, Sailing Directions, and 
United States Coast Pilots previously published in Notice to Mariners. The weekly 
Notice to Mariners should be referred to for corrective material after the last Notice 
to Mariners published in the Summary. 

2703. The Local Notice to Mariners is issued by each U. S. Coast Guard District 
to disseminate important information affecting navigational safety within the Dis- 
trict. This Notice reports changes to and deficiencies in aids to navigation main- 
tained by and under the authority of the U. S. Coast Guard and such other marine 
information as new charts, channel depths, naval operations, regattas, etc. Since 
temporary information, known or expected to be of short duration, is not included 
in the weekly Notice to Mariners published by the Defense Mapping Agency Hydro- 
graphic/Topographic Center, the appropriate Local Notice to Mariners may be the 
only source of such information. Small craft using the Intracoastal Waterway and 
other waterways and small harbors that are not normally used by oceangoing 
vessels need it to keep chart and related publications up-to-date. 

If still significant at the time of publication, the U. S. Coast Guard’s Broadcast 
Notice to Mariners (art. 2705) is included in the Local Notice to Mariners. 

The Local Notice to Mariners is published as often as required; usually weekly. 
It may be obtained, free of charge, by making application to the appropriate Coast 
Guard District Commander. Vessels operating in ports and waterways in several 
districts will have to obtain the Local Notice to Mariners from each district in order 
to be fully informed. 

2704. The Daily Memorandum provides navigators of ships in port with printed 
copy of HYDROLANT/NAVAREA IV warnings or HYDROPAC/NAVAREA XII 
warnings (art. 2707 and 2708) broadcast in the past 24 hours or since the previous 
working day. 

The Datly Memorandum is published by the Defense Mapping Agency Hydro- 
graphic/Topographic Center each working day in two editions: the Atlantic Edition 
and the Pacific Edition, both prepared at Washington, D.C. 

The Daily Memorandum is sent to fleet operating bases, naval stations, custom 
houses, shipping company offices, etc., where it may be picked up by navigational 
personnel of vessels in port. 
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Radio Navigational Warning Systems 


2705. Short range or local warnings.—One of the two distinct types of radio 
navigational warning systems is the short range or local radio navigational warn- 
ings for mariners plying nearby waters. Short range or local warnings are intended 
primarily to help local and coastal traffic. Usually, local or short range warnings 
are broadcast from a single coast station, frequently by voice as well as radiotele- 
graph. Examples of short range navigational warning systems are the radio naviga- 
tional warning broadcasts of the various U. S. Coast Guard Districts. Most maritime 
nations broadcast short range warnings to notify local mariners of dangers in 
coastal and inland waters. Schedules and working particulars of many such stations 
throughout the world can be found in Pubs. Nos. 117A and 117B, Radio Navigation- 
al Aids. 

Broadcast Notice to Mariners are originated by the U. S. Coast Guard and 
broadcast from U. S. Coast Guard, U. S. Navy, and some commercial radio stations 
to report deficiencies and changes in aids to navigation. 

2706. Long range radio navigational warnings are primarily intended to assist 
mariners on the high seas by giving them navigational safety information in ports, 
harbors, coastlines, or areas at sea in major ocean areas. Such warnings are usually 
broadcast by means of radiotelegraph and radioteleprinter from several widely 
dispersed radio stations with sufficient power to ensure their availability to all 
ships in the oceanic area. The HYDROLANT and HYDROPAC system (art. 2707) of 
the Defense Mapping Agency Hydrographic/Topographic Center, for the general 
Atlantic and Pacific areas, is typical of a long range radio navigational warning 
system. Long range warning systems are discussed in more detail in Pubs. Nos. 
117A and 117B, Radio Navigational Aids, and volume V of Admiralty List of Radio 
Signals. 

2707. The U.S. long range radio navigational warning system provides cover- 
age outside NAVAREAS IV and XII (art. 2708) by HYDROLANT and HYDROPAC 
messages originated by the Defense Mapping Agency Hydrographic/Topographic 
Center. The particulars of this system are discussed in detail in Pubs. Nos. 117A 
and 117B, Radio Navigational Aids. 

HYDROLANTS and HYDROPACS are restricted to the more important marine 
incidents or navigational changes for which a delay in disseminating the informa- 
tion to mariners would adversely affect navigational safety. Many of these warnings 
are temporary in nature. Others might remain in force for long periods of time and 
ultimately be superseded by a numbered paragraph in Notice to Mariners. 

Printed copies of HYDROLANTS and HYDROPACS are published each work- 
ing day in the appropriate edition of the Daily Memorandum. The text of effective 
HYDROLANTS and HYDROPACS issued during a week is printed in the weekly 
Notice to Mariners. 

It is important that the mariner retains the radio warning until the printed 
Notice to Mariners is received. 

2708. NAVAREA Warnings, containing information which may affect the 
safety of navigation on the high seas, are broadcast in accordance with internation- 
al obligations. The Defense Mapping Agency Hydrographic/ Topographic Center is 
responsible for disseminating navigational information for ocean areas designated 
as NAVAREAS IV and XII of the Worldwide Navigational Warning Service (fig. 
core is the case with HYDROLANTS and HYDROPACS, warnings for NAVAR- 
EAS IV and XII may be superseded by a numbered paragraph in Notice to Mari- 
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Figure 2708.—NAVAREAS of the Worldwide Navigational Warning Service. 


ners. Printed copies are published each working day in the appropriate edition of 
the Daily Memorandum. The text of effective warnings for NAVAREAS IV and XII 
is printed in the weekly Notice to Mariners. 

2709. Special Warnings are broadcast by U. S. Navy and U. S. Coast Guard 
radio stations primarily for the dissemination of official U. S. Government procla- 
mations affecting shipping. Special Warnings are published in all editions of the 
Daily Memorandum and in the weekly Notice to Mariners. Upon issuance the text 
of all effective Special Warnings are published in Notice to Mariners No. 1, annual- 
ly. 


Safety Information 


2710. Traffic separation schemes.—To increase the safety of navigation, par- 
ticularly in areas of high shipping density, routes incorporating traffic separation 
have, with the approval of the International Maritime Organization (IMO), been 
established in certain areas of the world. In the interest of safe navigation, it is 
recommended that through traffic use these routes, as far as circumstances permit, 
by day and by night and in all weather conditions. The routes, which are intended 
for use by all vessels are governed by Rule 10 of the International Regulations for 
Preventing Collisions at Sea, 1972 (72 COLREGS). Rule 10 states the following: 

(a) This Rule applies to traffic separation schemes adopted by the Organization. 

(b) A vessel using a traffic separation scheme shall: 

(i) proceed in the appropriate traffic lane in the general direction of traffic 
flow for that lane; 

(ii) so far as practicable keep clear of a traffic separation line or separation 
zone; 
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(iii) normally join or leave a traffic lane at the termination of the lane, but 
when joining or leaving from either side shall do so at as small an angle to the 
general direction of traffic flow as practicable. 

(c) A vessel shall so far as practicable avoid crossing traffic lanes, but if obliged 
to do so shall cross as nearly as practicable at right angles to the general direction 
of traffic flow. 

(d) Inshore traffic zones shall not normally be used by through traffic which 
can safely use the appropriate traffic lane within the adjacent traffic separation 
scheme. However, vessels of less than 20 meters in length and sailing vessels may 
under all circumstances use inshore traffic zones. 

(e) A vessel other than a crossing vessel or a vessel joining or leaving a lane 
shall not normally enter a separation zone or cross a separation line except: 

(i) in cases of emergency to avoid immediate danger; 

(ii) to engage in fishing within a separation zone. 

(f) A vessel navigating in areas near the terminations of traffic separation 
schemes shall do so with particular caution. 

(g) A vessel shall so far as practicable avoid anchoring in a traffic separation 
scheme or in areas near its terminations. 

(h) A vessel not using a traffic separation scheme shall avoid it by as wide a 
margin as is practicable. 

(i) A vessel engaged in fishing shall not impede the passage of any vessel 
following a traffic lane. 

(j) A vessel of less than 20 meters in length or a sailing vessel shall not impede 
the safe passage of a power-driven vessel following a traffic lane. 

(k) A vessel restricted in her ability to maneuver when engaged in an operation 
for the maintenance of safety of navigation in a traffic separation scheme is 
exempted from complying with this Rule to the extent necessary to carry out the 
operation. 

(1) A vessel restricted in her ability to maneuver when engaged in an operation 
for the laying, servicing or picking up of a submarine cable, within a traffic 
separation scheme, is exempted from complying with this Rule to the extent neces- 
sary to carry out the operation. 

2711. Offshore oil-well structures.—Caution should be exercised when navigat- 
ing in waters contiguous to the U. S. and its territories, particularly in the Gulf of 
Mexico; Santa Barbara Channel, California; and Cook Inlet, Alaska, in order to 
avoid collision with oil structures and their associated mooring piles, anchor and 
mooring buoys, etc. 

The identification of the oil-well structures is discussed in Notice to Mariners 
No. 1. Due to the number of oil wells in the Gulf of Mexico, Shipping Safety 
Fairways have been established, and while adherence to these fairways is not 
mandatory, mariners should take advantage of the safer passage ways made avail- 
able. : 
The most accurate information regarding the position of oil-well structures is 
contained in the latest editions of the pertinent National Ocean Service charts. 
(Additionally, an annually up-dated listing of Gulf of Mexico oil-well structures is 
published by the U. S. Coast Guard. Mariners desiring to receive issues of the 
publication should write to the District Commander (OAN), Eighth Coast Guard 
District, Hale Boggs Federal Building, 500 Camp Street, New Orleans, Louisiana 
70130, requesting to be placed on their mailing list.) 


752 NAVIGATIONAL SAFETY 


Corrective information concerning the establishment, change, or discontinuance 
of the oil-well structures (with the exception of mobile drilling rigs) is published in 
the weekly Notice to Mariners. Movements of mobile drilling rigs and seismic 
survey operations are generally covered in HYDROLANT/NAVAREA IV or HY- 
DROPAC/NAVAREA XII radio navigational warning broadcasts (art. 2707 and 
2708). 

2712. Danger from submarine cables and pipelines.—Submarine cables or pipe- 
lines pass beneath various navigable waterways throughout the world. Installation 
of new submarine cables and pipelines may be reported in Notice to Mariners; their 
locations may or may not be charted. Where feasible, warning signs are often 
erected to warn the mariners of their existence. 

In view of the serious consequences resulting from damage to submarine cables 
and pipelines, mariners should take special care when anchoring, fishing or engag- 
ing in underwater operations near areas where these cables or pipelines may exist 
or have been reported to exist. 

Certain cables carry high voltages; many pipelines carry natural gas under 
high pressure, or petroleum products. Electrocution, fire, or explosion with injury or 
loss of life or a serious pollution incident could occur if they are penetrated. 

Vessels fouling a submarine cable or pipeline should attempt to clear without 
undue strain. Anchors or gear that cannot be cleared should be slipped; no attempt 
should be made to cut a cable or pipeline. 

2713. Artificial obstructions to navigation.—Disposal areas are designated by 
the Corps of Engineers for depositing dredged material where existing depths 
indicate that the deposits will not cause sufficient shoaling to create a danger to 
surface navigation. The areas are shown on National Ocean Service charts without 
blue tint, and soundings and depth curves are retained. 

Dumping grounds are areas established by federal regulation in which dump- 
ing of dredged material and other nonbuoyant objects is prohibited or in which such 
dumping is allowed with the permission of and under the supervision of the Corps 
of Engineers. 

Spoil areas are for the purpose of depositing dredged material, usually near 
and parallel to dredged channels; they are usually a hazard to navigation. Spoil 
areas are usually charted from survey drawings from Corps of Engineers after- 
dredging surveys, though they may originate from private or other government 
agency surveys. Spoil areas are tinted blue on the chart and labeled, and all 
soundings and depth contours are omitted. Navigators of even the smallest craft 
should avoid crossing spoil areas. 

Fish havens are established by private interests, usually sport fishermen, to 
simulate natural reefs and wrecks that attract fish. The reefs are constructed by 
dumping assorted junk, ranging from old trolley cars and barges to scrap building 
material in areas which may be of very small extent or may stretch a considerable 
distance along a depth contour; old automobile bodies are a commonly used materi- 
al. The Corps of Engineers must issue a permit, specifying the location and depth 
over the reef, before such a reef may be built. However, the reef builders adherence 
to permit specifications can be checked only with a wire drag. Fish havens are 
outlined and labeled on the charts, but soundings and depth contours are usually 
retained and blue tinting is seldom used. Navigators should be cautious about 
passing over fish havens or anchoring in their vicinity. 

Fishtrap areas are areas established by the Corps of Engineers in which traps 
may be built and maintained according to established regulations. The fish stakes 
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which may exist in these areas are obstructions to navigation and may be danger- 
ous. The limits of fishtrap areas and a cautionary note are usually charted. Naviga- 
tors should avoid these areas. 

2714. Net bottom clearances.—It is becoming increasingly evident that econom- 
1¢ pressures are causing mariners to navigate through waters of barely adequate 
depth, with net bottom clearances (also known as under-keel clearances) being 
finely assessed from the charted depths, predicted tide levels, and depths recorded 
by echo sounders. 

It cannot be too strongly emphasized that even charts based on modern surveys 
may not show all sea-bed obstructions or the least depths, and actual tide levels 
may be appreciably lower than those predicted. 

In many ships an appreciable correction must be applied to shoal soundings 
recorded by echo sounders due to the horizontal distance between the transducers. 
This separation correction, which is the amount by which recorded depths exceed 
true depths, increases with decreasing depths to a maximum equal to half the 
distance apart of the transducers; at this maximum the transducers are aground. 
Mariners should have available a table of true and recorded depths. 

Other appreciable corrections include the effects of water density, trim, list, 
squat (bodily sinkage and change of trim), heaving, rolling, and pitching. 

The effects of water density, trim, and list upon bottom clearance are easily 
calculated assuming at-rest conditions. Squat, heaving, rolling, and pitching are 
dynamic phenomena and are more complex to predict singly or in combination. 

Squat, which includes bodily sinkage and change of trim, is a result of the 
pressure distribution on the hull caused by the relative motion of water and hull. 
The effect begins to increase significantly at depth-to-draft ratios less than 2.5. It 
increases rapidly with speed and is augmented in narrow channels. 

The effect of heaving, pitching, and rolling on net bottom clearance can be 
quite significant in critical combinations of wave height and period, ship dimen- 
sions, and angle of incidence. Passages over bars in exposed areas require adequate 
allowance for these factors. 

2715. Controlling depths.—The controlling depth of a channel is the least 
depth within the limits of the channel; it restricts the safe use of the channel to 
drafts of less than that depth. The centerline controlling depth of a channel applies 
only to the channel centerline; lesser depths may exist in the remainder of the 
channel. The mid-channel controlling depth of a channel is the controlling depth of 
only the middle half of the channel. Federal project depth is the design dredging 
depth of a channel constructed by the Corps of Engineers, U. S. Army; the project 
depth may or may not be the goal of maintenance dredging after completion of the 
channel, and, for this reason, project depth must not be confused with controlling 
depth. 

Depths alongside wharves usually have been reported by owners or operators of 
the waterfront facilities, and may not have been verified by government surveys. 
Since these depths may be subject to change, local authorities should be consulted 
for the latest controlling depths. 

In general, the Coast Pilot gives the project depths for deep-draft ship channels 
maintained by the Corps of Engineers. The latest controlling depths are usually 
shown on the charts and published in Notice to Mariners. For other channels, the 
latest controlling depths available at the time of publication are given. 
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The most authoritative source for channel depths in U. S. ports is the field 
office of the Corps of Engineers in the vicinity. Addresses and telephone numbers 
are given in Notice to Mariners No. 1. 

2716. Use of foreign charts.—Caution should be exercised in the use of foreign 
charts not maintained by Notice to Mariners published by the Defense Mapping 
Agency Hydrographic/Topographic Center. Foreign charts are sometimes referred 
to in Sailing Directions published by this Center. The mariner is advised that when 
such foreign charts are used for navigation, it is his responsibility to maintain the 
charts by the Notice to Mariners of the country producing the charts. 

The mariner is warned that the buoyage system, shapes, and colors used by 
other countries often have a different significance than the U. S. system. 

2717. Nautical chart symbols and abbreviations.—The standard symbols and 
abbreviations approved for use on all regular nautical charts published by the 
Defense Mapping Agency Hydrographic/Topographic Center and the National 
Ocean Service are contained in Chart No. 1, United States of America Nautical 
Chart Symbols and Abbreviations. The mariner should insure that a copy of the 
latest edition of Chart No. 1 is readily available. 

The symbols and abbreviations used by other countries often vary from those 
used by the United States. Charts produced by the Defense Mapping Agency Hydro- 
graphic/Topographic Center will show the colors, lights, and other characteristics in 
use for the area of the individual chart. Certain reproductions of foreign charts 
published and distributed by this Center may also show the shapes and other 
distinctive features that will vary from those illustrated in Chart No. 1. Mariners 
who acquire and use foreign charts and reproductions of such charts are advised to 
procure the symbol sheet of the foreign chart agency. 

2718. Unverified information.—Information received by the Defense Mapping 
Agency Hydrographic/Topographic Center and the National Ocean Service from 
various sources concerning depths, dangers, currents, facilities, and other subjects, 
which has not been verified by government surveys or inspections, is often included 
in Sailing Directions and Coast Pilots; such unverified information is qualified as 
“reported,” and should be regarded with caution. 

2719. International Ice Patrol.—Beginning in February or March and ending 
in August or September of each year depending upon ice conditions, the Interna- 
tional Ice Patrol conducts its annual service of guarding the southeastern, southern, 
and southwestern limits of the regions of icebergs in the vicinity of the Grand 
Banks of Newfoundland for the purpose of informing passing ships of the extent of 
ice in this dangerous region. Ice Patrol Bulletins are sent via CW, voice and 
radiofacsimile broadcasts. Details are given in Pub. No. 117A, Radio Navigational 
Aids. 

2720. Firing danger areas.—Firing and bombing practice takes place either 
occasionally or regularly in numerous areas established for those purposes along 
the coasts of practically all maritime countries. 

In view of difficulty in keeping these areas up-to-date on the charts, and since 
the responsibility to avoid accidents rests with the authorities using the areas for 
firing or bombing practice, these areas will not as a rule be shown on Defense 
Mapping Agency Hydrographic/Topographic Center charts. The National Ocean 
Service charts show firing and bombing practice areas as defined by the Code of 
Federal Regulations in United States waters. 
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Any aid to navigation that may be established to mark a danger area, any 
target, fixed or floating, that may constitute a danger to navigation, will be shown 
on the appropriate charts. 


Danger areas that will be in force for some length of time will be published in 
Notice to Mariners. 

Warning signals, usually consisting of red flags or red lights, are customarily 
displayed before and during practice, but the absence of such warnings cannot be 
accepted as evidence that a practice area does not exist. 

Vessels should be on the lookout for local warnings and signals, and should 
whenever possible, avoid passing through an area in which practice is in progress, 
but if compelled to do so should endeavor to clear it at the earliest possible moment. 


CHAPTER XXVIII 


OCEANIC SOUNDINGS AND HYDROGRAPHIC REPORTS 


General 


2801. Introduction.—Maritime shipping continues to increase with the growth 
in volume of domestic and international commerce, and seagoing vessels continue to 
increase in number, size, and speed. Not only does this growth result in constant 
demands for expansion and improvement of harbor, port, and navigation facilities, 
but it also necessitates improvements in the quality, quantity, and display of all 
forms of navigation information. 

Although both government agencies and private institutions operate as many 
oceanographic and hydrographic ships as their resources permit, the magnitude of 
requirements for information far exceeds the collection capabilities of these com- 
paratively few vessels. It is not possible for any hydrographic institute to conduct a 
continuous worldwide survey. Consequently, the Defense Mapping Agency Hydro- 
graphic/Topographic Center and the National Ocean Service depend to a very great 
extent upon reports from voluntary seagoing observers for information pertaining 
to navigation and oceanography. Information from these reports and other sources 
is evaluated and used in the improvement, production, correction, and maintenance 
of charts and publications. After careful analysis of a report and comparison with 
all other data concerning the same area or subject, appropriate action is taken. If 
the report is of sufficient importance to affect the immediate safety of navigation, 
the information will be broadcast as a navigational warning. Each bit of informa- 
tion, no matter how trivial it may seem, is coordinated with other reports and used 
in some way in the compilation, construction, and correction of charts and publica- 
tions. It is only through the constant flow of new information that charts and 
publications can be kept accurate and up-to-date. 

Discrepancies are sometimes found in source material, mainly as a result of 
comparison with the reports submitted by mariners who have recently visited the 
area. Often, errors in basic source material are of the type that would affect the 
safety of navigation. Several confirming ship reports will usually reveal these errors 
so that corrective action can be taken. The greater the volume of confirming ship 
reports, the greater is the accuracy of the finished product. 

2802. Marine reports.—Frequently the most valuable information is recent 
information reported by a mariner, who records the information in the greatest 
detail possible and reports it promptly. 

Depending on the type of report, certain items of information are absolutely 
essential for a correct evaluation. An example is the state of tide. State of tide is of 
paramount importance in a report of near shore shoals, but of no interest with 
respect to shoals reported beyond the continental shelf. 

Several reasons have been found for hesitancy on the part of the mariner to 
report his observations. He is frequently in doubt as to what information, and in 
what detail, to report. He often believes that the data that he reports will be 
inconsequential to the Defense Mapping Agency Hydrographic/Topographic Center 
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since “they already receive the most recent information available, and they are 
already aware of this data,” as one mariner put it. 

Excellence in grammar is unnecessary. Reports, or supplemental information, 
such as port plans, obtained locally, may even be in a foreign language. Observa- 
tions should be reported in the language of mariners since they will be evaluated by 
ex-mariners, who will make full and appropriate use of the information. 

Reports by letter are just as acceptable as those prepared on regular forms. In 
some instances, a letter report will permit greater flexibility in reporting details, 
conclusions, or recommendations concerning the observation. When using the regu- 
lar report forms, one should not hesitate to use additional sheets to complete the 
details of his observation. One should never be reluctant to report in detail. 

The following general suggestions are offered as an aid to making reports that 
will be of maximum value. 

1. The geographical position included in the report may be used in the correc- 
tion of charts. Accordingly, it should be fixed by the most accurate method avail- 
able. If practicable, the position should be verified by additional means. 

2. The report should state the method by which the position was fixed, so that 
the degree of accuracy can be established. 

3. When reporting the position of an object or condition that is not shown on 
the chart but is within sight of charted objects, the simplest and most accurate 
method is to express the position in terms of bearings and distances from charted 
objects. 

4. Should geographical coordinates be used to report position, they should be 
made as precise as circumstances permit. Either tenths of a minute or seconds, 
depending upon the scale of the chart, should be included. Unfortunately, coordi- 
nates of all charts for a given area are not always in exact agreement. Accordingly, 
one should refer to the chart by number and include the edition number and the 
date of the printing being used. Both are shown in the bottom margin. 

5. When describing the sectors in which a light is either visible or obscured, the 
limiting bearings from the ship toward the light should be given. Although this is 
just the reverse.of the form used for locating objects, it is the standard method used 
by the hydrographic institutes of practically all countries. 

6. All bearings used in reports should be true bearings, expressed in degrees. 
Should magnetic bearings be used, for any reason, such use should be stated in the 
report. 

7. A report prepared by one person should, if practicable, be checked by an- 
other. 

In most cases marine information can be adequately reported on one of various 
forms printed by the Defense Mapping Agency Hydrographic/ Topographic Center 
and shown in Guide to Marine Observing and Reporting (art. 2804) or by the 
reporting sheet in the weekly Notice to Mariners. However, in some cases it is both 
more convenient and more valuable to annotate information directly on the affected 
chart and mail the chart to DMAHTC. 

As an example, new construction, such as port facilities, may be drawn on the 
chart in cases where a written report would be inadequate. Another example would 
be a chart showing the trackline and pertinent soundings through a critical passage 
or strait when the ship’s draft is close to the controlling depth of the water in the 
passage or strait. Information, such as times, state of tide, draft, and method by 
which fixes were obtained should also be included. 
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Whenever it is necessary to send a chart to amplify or explain a report, the 
Defense Mapping Agency Hydrographic/Topographic Center, upon request, will 
replace the chart free of charge on a one-for-one basis. 

2803. Urgent reports by radio.—The International Convention for the Safety of 
Life at Sea (1960), which is applicable to all U. S. flag ships, requires: “The master 
of every ship which meets with dangerous ice, or dangerous derelict, or any other 
direct danger to navigation, or a tropical storm, or encounters sub-freezing air 
temperatures associated with gale force winds causing severe ice accretion on 
superstructures, or winds of force 10 or above on the Beaufort scale for which no 
storm warning has been received, is bound to communicate the information by all 
the means at his disposal to ships in the vicinity, and also to the competent 
authorities at the first point on the coast with which he can communicate.” 

The master must first warn ships in the vicinity and must then report the 
danger to competent authorities at the first point on the coast with which radio 
contact can be made, using relay procedure if necessary. The report should be 
broadcast first on 500 kHz prefixed by the Safety Signal “TTT TTT TTT.” This 
should be followed by transmission of the message to the proper authorities ashore. 

Details on reporting via radio are contained in chapters 4 and 5 of Pubs. Nos. 
117A and 117B, Radio Navigational Aids. 

2804. Guide to Marine Observing and Reporting, Pub. 606, prepared jointly by 
the Naval Oceanographic Office, the Defense Mapping Agency Hydrographic/Topo- 
graphic Center, U. S. Coast Guard, and the National Oceanic and Atmospheric 
Administration, provides detailed guidance for submitting hydrographic and oceano- 
graphic reports. Where appropriate, this guidance includes check lists of key ques- 
tions as a means of insuring that no essential fact will be missing from a report. 


Oceanic Soundings 


2805. Soundings.—Relatively little is known of the surface features of the 
nearly 71 percent of the earth covered by water. However, enough has been learned 
to indicate that the unseen topography beneath the oceans has all the features 
common to that above water. It is known that there are submerged mountains 
extending to greater heights above their surroundings than do the Rockies, and 
depressions deeper than the Grand Canyon. 

While many of the general features are known, details are lacking. In any 
given area, a very large number of accurately located soundings are needed to 
provide sufficient information for mapping the ocean floor. If sufficient information 
is available, the relief can be depicted on bathymetric charts by means of contours. 
A simplified chart of this type is shown in the upper part of figure 2805. The lower 
part of the figure is a block diagram of the area shown on the chart. Only a 
relatively small part of the oceans has been sounded sufficiently to provide the 
detailed information needed for such a chart, mainly narrow strips along coasts, i.e., 
the continental shelves. In these areas, the soundings have the necessary accuracy 
and density to portray underwater relief. 

As long as oceanic soundings could be made only by a vessel stopping and 
lowering a weight, a process which might require several hours for a single sound- 
ing in very deep water, it was impractical for most vessels to obtain very much 
depth information at sea. With the development of the echo sounder, however, this 
situation has changed. With a recording echo sounder, a ship can obtain a profile - 
along its track from continent to continent without slowing, using about a yard of 
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Ficure 2805.—Contour lines and hachures (top) may be used to show underwater relief (bottom). 


recording paper per day. Such information, if reliable, is of great assistance to 
charting agencies in preparing more adequate charts of the ocean areas. 

2806. Sounding equipment.—While lead lines and sounding machines have 
been used at sea, almost all deep-sea soundings are now taken by echo sounder (art. 
619). If a depth recording device is available, it should be used, as the profile thus 
produced is a better indication of the bottom than even the most closely spaced 
visual readings. 

All echo sounding equipment is subject to certain errors unless the operator 
has a clear understanding of the operating characteristics and limitations of the 
instrument. The routine checks recommended by the manufacturer should be made 
at every change of the watch, or oftener. In addition, the operator should be alert 
for certain possible errors peculiar to his instrument. A close watch should be kept 
on the proper functioning of the stylus, recorder speed, the zero adjustment, and 
the frequency of the electric current. The percentage error in the recorded depth is 
the same as that of the electric current frequency. Thus, at 3,000 fathoms, the error 
of a 60-cycle echo sounder is 100 fathoms if the actual frequency is in error by two 
cycles. 

2807. Evaluating results.—Inaccurate results may be worse than no informa- 
tion at all. Therefore, every effort should be made to obtain reliable data. Particu- 
larly, soundings which conflict with known or charted depths should be carefully 
analyzed. Even when the equipment is operating correctly, false returns might be 
received due to sources external to the vessel. A shoal “phantom bottom” may be 
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due to marine life, there may be multiple echoes or interference, or no return may 
be received because of aeration of the water or suspended matter in it. Such errors 
are further discussed in article 3504. Unusual local conditions may be a source of 
error. If an error is believed probable, but no source is detected, full information 
should be submitted with the soundings, for the charting agency may be able to 
interpret the results. This action is particularly important where the measured 
depths are less than those shown on the chart. If no error can be found, the 
charting agency may have no alternative but to enter the shoal soundings upon the 
charts affected, and take the first opportunity to send a survey vessel to verify or 
disprove them. 

The speed at which sound travels in water varies with the salinity, tempera- 
ture, and pressure. When these are known, corrections can be applied to obtain 
more accurate results. However, this is normally done only for scientific purposes. 
Those soundings submitted to a charting agency should be the uncorrected values 
obtained by using an assumed standard speed of 4,800 feet or 1,500 meters per 
second. 

2808. Deep sea sounding lines.—Many deep sea soundings are obtained by 
ships proceeding between ports. Soundings should be taken at every opportunity. 
Those taken in well-surveyed areas can be of assistance to the navigator in locating 
his position. If they conflict with values shown on the chart, and no error is found, 
they should be sent to the appropriate charting agency, with full particulars. All 
soundings in areas for which little depth information is shown on the chart should 
be submitted. 

In addition to reliable soundings, accurate positions are needed. Navigation 
should be in accordance with standard practice, using every practicable means to 
reduce error and provide frequent checks on position. 

When two or more ships are operating together, they should steam on parallel 
courses about five miles apart. Each ship should collect and record its own naviga- 
tional data for subsequent submission to the appropriate charting agency. 

2809. Investigating smail areas.—If a feature of particular interest, such as an 
isolated shoal or a seamount, is found or reported in the vicinity of the vessel, a 
service can be rendered by conducting a further investigation in the vicinity of the 
feature. Two methods are in common use for this purpose: 

Radial. A system of radial lines 20° apart are laid out from a central control 
point, preferably at the center of the feature to be investigated. These are extended 
outward for a distance of about 30 miles, and the ends of alternate ones are 
connected, as shown in figure 2809a. These form a series of course lines as shown. 

Parallel. A north-south, east-west square is laid out with perhaps 60-mile sides, 
the center of the feature of interest being at the center of the square. A series of 
course lines are drawn parallel to one side of the square, at intervals of about 5 
miles. The ends of alternate parallel course lines are connected, as shown in figure 
2809b. 

During such an investigation, by either method, the best control of position can 
usually be obtained by anchoring a buoy, if practicable, at the center of the area. In 
some instances, several buoys might be used. Any rig having buoyancy adequate to 
support the necessary length of anchor cable is satisfactory. The type generally 
used consists of a steel drum or mooring buoy with a weight attached to a cable, in 
the case of a large buoy, or piano wire if the buoy is small and of insufficient 
buoyancy to support a cable. A chain is not generally used. Buoys of this type have ~ 
been successfully anchored in depths to 2,500 fathoms. The position of the buoy is 
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Ficure 2809a.—Radial course line pattern. 


determined as accurately as practicable, using celestial navigation, Loran, or what- 
ever means are available. Position of the vessel is determined relative to the buoy 
or buoys, using visual or radar bearings and ranges at intervals of half an hour or 
less. Beyond this range, the best available means are used. A balloon with a 
suspended radar reflector might be attached to the buoy to extend its range of 
usefulness. The securing line of the balloon should be at least 400 feet long, if 


practicable. 
Sonar ranging, if available, should be used to assist in the location of shoal 


areas. 
Sounding Reports 


2810. Records.—Today much of the data processing necessary for compilation of 
nautical or bathymetric charts is accomplished by computers. Consequently, many 
of the laborious and time-consuming aspects of sounding report preparation have 
been eliminated. Computers, if given the proper information, can quickly and 
efficiently perform all the routine data manipulation tasks formerly done manually 
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Ficure 2809b.—Parallel course line pattern. 


by oceanographers and cartographers. However, it is still imperative that the 
mariner prepare his report accurately and completely, insuring that the basic 
elements of depth and position, both correlated with time, are included. Described 
below are the report records that best present these basic elements. 

1. Echograms. Depth is best depicted by the echogram itself, a continuous 
analog record that serves not only as a report but also provides verification of the 
shipboard interpretation. There are many formats for echogram paper, but the 
essential information needed on an echogram is the following: 

(i) Ship Name. Record at the beginning and end of each roll of echogram or 
portion thereof. 

(ii) Date. Annotate at least once each day at 1200 and when starting and 
stopping echo sounder. 

(iii) Time. The event marker should be activated and annotated with the correct 
time at the beginning of the echogram, at least once each watch thereafter, and at 
the end of the echogram. 

(iv) Time Zones. Greenwich mean time (GMT) should be used if practicable. In 
the event local time zones are used, annotate echogram whenever clocks are reset 
and identify time zone in use. Ambiguity of time zone is the most common cause of 
difficulty in relating a sounding trace to a ship’s position. 
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(v) Phase or Scale Changes. Clearly label all depth phase (or depth scale) 
changes and the exact time they occur. Annotate the upper and lower limits of 
echograms if necessary. 

(vi) Transducer Depth. The depth of the transducer beneath the surface and 
whether it is allowed for in the trace is necessary to compute true depth, especially 
in shoal areas. A specimen echo sounding record is shown in figure 2810a. 

2. Navigation Log. In the past a smooth plotted track supplemented by the 
unadjusted plot was an essential part of a sounding report. The computer, with its 
tremendous capacity for data processing, has relieved the navigator of this monoto- 
nous and time-consuming task so that today only the navigation log is necessary. 
However, it is still important that the navigation log be accurate and contain all of 
the following information: 

(i) Date 

(ui) Time (GMT) 

(iii) Latitude and longitude 

(iv) Type of navigational fix 

(v) Course 

(vi) Speed 

(vii) Remarks 
Figure 2810b illustrates a typical navigation log. 

When the above information has been collected and properly annotated, it 
should be sent to the appropriate charting agency, usually the Defense Mapping 
Agency Hydrographic/Topographic Center. The commanding officer’s or master’s 
forwarding letter should indicate the type of sounding system, any difficulties 
encountered, and pertinent remarks regarding estimated reliability of the data. 
Areas where sounding data are most needed are outlined on chart 5103, Bathymet- 
ric Data Requirements, which should be inspected prior to a voyage. 
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Figure 2810a.—Specimen echo sounding record. 
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FIGURE 2810b.—Typical navigation log. 


CHAPTER XXIX 


POSITION REPORTING SYSTEMS 


2901. Introduction.—Several thousand merchant vessels are at sea at one time. 
These vessels have the proven potential for early arrival at a scene of distress. The 
purpose of a position reporting system is to make possible maximum efficiency in 
coordinating assistance by merchant vessels at a scene of distress in order to save 
life and property at sea. 

It is important that information be readily available to Search and Rescue 
(SAR) coordinators immediately upon occurrence of an emergency so that potential 
assistance can be obtained effectively and with the least delay to those offering and 
needing aid. Establishing communications is sometimes difficult even when auto- 
matic alarms are used and determination of SAR capabilities and intentions of 
vessels is time-consuming, unless the essential information has been made readily 
available beforehand by their participation in a position reporting system. 

Regulation 10, chapter V of the Convention on Safety of Life at Sea (SOLAS 
1960) obligates the master of any vessel at sea who becomes aware of a distress 
incident to attempt to render assistance. He must proceed and assist until aware 
that other aid is at hand or until released by the distressed unit. Other internation- 
al treaties and conventions impose the same requirement. Position reporting sys- 
tems permit determination of the most appropriate early assistance, provide the 
means for a timely resolution of distress cases, and enable vessels responding to 
distress calls to continue their passage with a minimum amount of delay. 

Recommendation 47 of IMCO’s SOLAS 1960 Conference reads as follows: 

“The Conference recommends that Contracting Governments should encourage 
all ships to report their positions when traveling in areas where arrangements are 
made to collect these positions for Search and Rescue (SAR) use. Each Government 
should arrange that such messages shall be free of cost to the ship concerned.” 

There are currently many position reporting systems in operation throughout 
the world. The particulars of each system are given in publications of the Interna- 
tional Maritime Organization (IMO), formerly known as the Inter-Governmental 
Maritime Consultative Organization (IMCO). 

Masters of vessels making offshore passages are requested by the U. S. Coast 
Guard to always participate in the AMVER System, and to participate in the other 
systems whenever sailing within the areas covered by them. 

2902. The Automated Mutual-Assistance Vessel Rescue System (AMVER), op- 
erated by the United States Coast Guard, is an international maritime mutual 
assistance program which provides important aid to the development and coordina- 
tion of search and rescue (SAR) efforts in many offshore areas of the world. 
Merchant ships of all nations making offshore passages are encouraged to voluntar- 
ily send movement (sailing) reports and periodic position reports to the AMVER 
Center at Coast Guard, New York via selected radio stations. Information from 
these reports is entered into an electronic computer which generates and maintains 
dead reckoning positions for the vessels. Characteristics of vessels which are valua- 
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ble for determining SAR capability are also entered into the computer from avail- 
able sources of information. 

Information concerning the predicted location and SAR characteristrics of each 
vessel known to be within the area of interest is made available upon request to 
recognized SAR agencies of any nation or vessels needing assistance. Predicted 
locations are only disclosed for reasons related to marine safety. 

Messages sent within the AMVER System are at no cost to the ship or owner. 
Benefits to shipping include: (1) improved chances of aid in emergencies, (2) reduced 
number of calls for assistance to vessels not favorably located, and (3) reduced time 
lost for vessels responding to calls for assistance. An AMVER participant is under 
no greater obligation to render assistance during an emergency than a vessel who is 
not participating. 

All AMVER messages should be addressed to Coast Guard, New York regard- 
less of the station to which the message is delivered, except those sent to Canadian 
stations which should be addressed to AMVER Halifax or AMVER Vancouver to 
avoid incurring charges to the vessel for these messages. 

In addition to the information calculated from sail plans and position reports, 
the AMVER Center stores data on the characteristics of merchant vessels. This 
data, reflecting SAR capability, includes the following; vessel name; international 
call sign; nation of registry; owner or operator; type of rig; type of propulsion; gross 
tonnage; length; normal cruising speed; radio schedule; medium, high, and very 
high frequency radio facilities; radio telephone installed; surface search radar in- 
stalled; doctor normally carried. Vessels can assist the AMVER Center in keeping 
this data accurate by sending a complete report by message, letter, or by completing 
a SAR Information Questionnaire (fig. 2905) available from AMVER, and then 
sending corrections as the characteristics change. The corrections may easily be 
included in regular AMVER reports as remarks. 

For AMVER participants bound for U.S. ports there is an additional benefit. 
AMVER participation via messages which include the necessary information is 
considered to meet the requirements of 33 CFR 161 (Notice of arrival). 

2903. AMVER System communications network.—An extensive radio station 
communications network supports AMVER system and provides two routes for 
assistance messages as well as for AMVER messages: coast radio stations and 
Ocean Station Vessel radio facilities. Propagation conditions, location of vessel, and 
message density will normally determine which station may be best contacted to 
establish communications. To insure that no charge is applied, all AMVER mes- 
sages should be passed through specified radio stations. Those which currently 
accept AMVER messages and apply to coastal station, ship station, or landline 
charge are listed in each issue of the AMVER Bulletin (art. 2904) together with 
respective call sign, location, frequency bands, and hours of guard. Although 
AMVER messages may be sent through other stations, the Coast Guard cannot 
reimburse the sender for any charges applied. 

. 2904. The AMVER Bulletin, published quarterly by Commander, Atlantic Area, 
United States Coast Guard, Governors Island, New York, New York, 10004, provides 
information on the operation of the AMVER System of general interest to the 
mariner. It also provides up-to-date information on the AMVER communications 
network (art. 2903) and Radio Wave Propagation Charts which indicate recommend- 
ed frequencies for contacting U.S. coast radio stations participating in the AMVER> 
System, according to the time of day and the season of the year. 
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Academic or Training 
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Cargo, Dry 
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Pipe— Layer 

Fishing or Whaling 
Hospital 

Icebreaker 

Car Carrier, RO-RO 
Log, Lumber 

Naval 

Ore, Dry Bulk 
Passenger 

Refrigerated Cargo 
Salvage, Tug or Tender 
Tanker 

LASH 

Van, Container 
Weather Station 
Miscellaneous: Research, Survey, Ferry, etc. 


MEDICAL CAPABILITIES (Circle All Thet Apply) 


Doctor Normally Carried VES aiNO 
Paramedic or Physician's 

Assistant Normally Carried YES NO 
DATE 


COMMENTS: —_____ nn 
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COASTAL RADIO STATION 
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TYPE OF PROPULSION (Circle One) 


DE Diesel- Electric 

GT Gas Turbine 

MV_ Oil or Gas 

NR_ Nuclear Reactor 

SR Steam Reciprocating 
SS Steam Turbine 

TE Turbo- Electric 


COMMUNICATIONS/NAVIGATION EQUIPMENT 
(Circle All That Apply) 


R Surface Radar 

T Radioteiephone (2182 kHz) 

M INMARSAT 

V VHF-FM (156.8 MHz) 

X Medium Frequency (405-535 kHz) 
Z High Frequency (4000-25110 kHz) 
S Single Sideband 


RADIO WATCH SCHEDULE (Circie one) 


H24 24-Hour Continuous Service 

H16 16-Hour Service (ITU Schedule) 

H8 8— Hour Service (ITU Schedule) 

HX  8-Hour Service (Unspecified Schedule) 
N No CW Operation (Radiotelephone Only) 


YOUR NAME AND TITLE———___$_$2_$JT>_ A — — — — — — — — — — —————————— 


If you are not on the mailing list of the AMVER quarterly 
Magazine, the AMVER BULLETIN, and wish to receive it at no 
cost, please fill in your vessel s mailing address, 


Figure 2905.—SAR Information Questionnaire. 


2905. AMVER participation. 
AMVER System are available in the following languages: C 


—Instructions guiding participation in the 


hinese, Danish, Dutch, 
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English, French, German, Greek, Italian, Japanese, Korean, Norwegian, Polish, 
Portuguese, Russian, Spanish and Swedish. The AMVER Users Manual is available 
from: Commander, Atlantic Area, U.S. Coast Guard, Governors Island, N.Y. 10004; 
Commander Pacific Area, U.S. Coast Guard, Government Island, Alameda, CA 
94501; and at U.S. Coast Guard District Offices, Marine Safety Offices, Marine 
Inspection Offices and Captain of the Port Offices in major U.S. Ports. Requests for 
instructions should state the language desired if other than English. 

Search and Rescue Operation procedures are contained in the Merchant Ship 
Search and Rescue Manual (MERSAR) published by the International Maritime 
Organization (IMO). U.S. flag vessels may obtain a copy of MERSAR from local 
Coast Guard Marine Safety Offices and Marine Inspection Offices or by writing to 
U.S. Coast Guard (G-OSR), Washington, DC 20598. Other flag vessels may purchase 
MERSAR directly from IMO. 

The Coast Guard conducts and/or coordinates search and rescue operations for 
surface vessels and aircraft that are in distress or overdue. 

In connection with a vessel’s first AMVER-plotted voyage, the master is re- 
quested to complete a questionnaire (fig. 2905) providing the radio watch schedule, 
available medical and communications facilities, and other useful characteristics. 
Stored in the AMVER computer, this information can be electronically processed 
with great speed in an emergency at the same time that a position is calculated. 

Any vessel of any nation departing on an offshore passage of 24 hours duration 
or greater is encouraged to become a participant in the AMVER System by sending 
appropriate AMVER messages in types of formats. The messages may be transmit- 
ted at any convenient time as long as the information is accurate and the data 
corresponds to the time specified. For example, the information may be estimated 
for a short time in the future, for the present, or for a short time past. 

There are five types of AMVER Reports—Sailing Plan, Departure, Arrival, 
Position, and Deviation Reports. 

AMVER participants need to be familiar with the five types of reports. 
AMVER permits sailing plan and departure information to be combined into a 
single report. AMVER accepts sailing plan information separately—for example, 
several days prior to departure. 

Only the above five types of AMVER messages require specific formats. (See 
DMAHTC PUBS. 117A and 117B). Other messages relating to a vessel’s AMVER 
participation or data, such as facts on her SAR capabilities, may also be sent via 
the AMVER communications network. 

Additional information concerning the AMVER System may be obtained by 
writing to Commandant, U.S. Coast Guard, Washington, DC 20590, or by writing or 
visiting Commander, Atlantic Area, U.S. Coast-Guard, Governors Island, New York, 
NY 10004. 

The AMVER System is coordinated in the Pacific regions by Commander, 
Pacific Area, U.S. Coast Guard, Government Island, Alameda, CA 94501. 

Other countries such as Canada are a formal part of the AMVER System and 
provide radio stations for relay of AMVER reports as well as coordinating rescue 
efforts in certain regions. Applicable instuctions have been promulgated by official 
publications of the participating countries. 

2906. AMVER Reporting Required.—U.S. Maritime Administration regulations 
effective August 1, 1983, state that certain U.S. flag vessels and foreign flag ‘War 
Risk” vessels must report and regularly update their voyages to the AMVER> 
Center. This reporting is required of the following: (a) U.S. flag vessels of 1,000 tons 
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or greater, operating in foreign commerce; (b) foreign flag vessels of 1,000 gross tons 
or greater, for which an Interim War Risk Insurance Binder has been issued under 
the provisions of Title XII, Merchant Marine Act, 1936. 

2907. AMVER plot information.—The information stored in the computer can 
be used to provide several types of display according to the needs of controllers at 
Rescue Coordination Centers. The surface picture (SURPIC) can be displayed as a 
Radius SURPIC (fig. 2907a). When requesting a Radius SURPIC, the controller 
specifies the date and time, a latitude and longitude to mark the center (P), the 
radius (in nautical miles) that the SURPIC should cover (R), whether the names of 
all ships are desired (or only those with doctors or just those heading either east or 
west). 


AREA SURPIC 


Trackline 


Radius SURPIC SURPIC 


Ficure 2907a.—Radius SURPIC, AREA SURPIC, and Trackline SURPIC. 


A Radius SURPIC may be requested for any radius from 1 to 999 miles. A 
sample request is as follows: 

“REQUEST 062100Z RADIUS SURPIC OF DOCTOR-SHIPS WITHIN 800 

MILES OF 43.6N 030.2W FOR MEDICAL EVALUATION M/V SEVEN 

SEAS.” 

The AREA SURPIC (fig. 2907a) is obtained by the controller specifying the 
date, time, and two latitudes and two longitudes. The controller can limit the ships 
to be listed as with the Radius SURPIC. The computer responds with a listing of 
vessels within the boundaries specified. 

There is no maximum or minimum size limitation on an AREA SURPIC. 

A sample AREA SURPIC request is as follows: 

“REQUEST 151300Z AREA SURPIC OF WESTBOUND SHIPS FROM 43N 

TO 31N LATITUDE AND FROM 130W TO 150W LONGITUDE FOR SHIP 

DISTRESS M/V EVENING SUN LOCATION 387N, 140W.” 
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The Trackline SURPIC (fig. 2907a) is obtained by the controller specifying the 
date and time, two points (P-1 and P-2), whether the trackline should be rhumb 
line or great circle, what the half-width (D) coverage should be (in miles), and 
whether all ships are desired (or only doctor ships, or just those east or westbound). 
The half-width (D) specified should not exceed 100 miles. When received, the 
SURPIC will list ships in order from P-1 to P-2. 

There is no maximum or minimum distance between P-1 and P-2. 

A sample Trackline SURPIC request is as follows: 

“REQUEST 310100Z GREAT CIRCLE TRACKLINE SURPIC OF ALL 

SHIPS WITHIN 50 MILES OF A LINE FROM 20.1N 150.2W TO 21.5N 

158.0W FOR AIRCRAFT PRECAUTION.” 

A Location Vessel is not a SURPIC, as such. It is used to determine the 
location of a specific ship. It permits a controller to determine the position of an 
AMVER participant wherever located. 

A sample Location Vessel request is as follows: 

“REQUEST PRESENT POSITION, COURSE, AND SPEED OF M/V 

SOLID STATE/HIND.” 

A Radius SURPIC as it would be received by a rescue center, listing all ships 
within a 200-mile radius of 26.2N, 179.9W, is shown in figure 2907b. 


Call Destination 
Name sign Position Course Speed SAR data and ETA 

CHILE MARU JAYU 26.2N 179.9E C294 12.5K mod OR PT xz KOBE 11 
CPA 258 DEG. 012 MI. 0320002 

WILYAMA LKBD 24.8N179.1W C106 14.0K ale TR oT WO BALBOA 21 
CPA 152 DEG. 092 MI. 0320002 

PRES CLEVELAND WITM 25.5N 177.0W C284 ISISIK H24 RDU XZS \¥KRAMAgS 08 
CPA WILL PASS WITHIN 10 MI 040430Z 

AENEAS GMRT 25.9N176.9E C285 16.0K ecu RelsINVExeZ YKHAMA 10 


CPA 265 DEG. 175 MI. 032002 


FiGuRE 2907b.—Radius SURPIC as received by a rescue center. 


2908. Uses of AMVER plot information.—An example of the use of a Radius 
SURPIC is depicted in figure 2908. In this situation rescue authorities believe that a 
ship in distress, or her survivors, will be found in the rectangular area. The Rescue 
Coordination Center requests a listing of all eastbound ships within 100 miles of a 
carefully chosen position. Once this list is received by the Rescue Coordination 
Center a few moments later, the names and call letters of those ships chosen to 
assist in the search can be passed to a powerful commercial radio station nearby for 
inclusion in their next regularly scheduled TRAFFIC LISTS (normally broadcast 
every 2 hours). These ships will be notified that rescue authorities are waiting to 
contact them on a given working frequency. 

Each ship contacted may be asked to sail a rhumb line between two specified 
points, one at the beginning of the search area and one at the end. By carefully 
assigning ships to areas of needed coverage, very little time need be lost from the 
sailing schedule of each cooperating ship. Those ships joining the search would 
report their positions every few hours to the Rescue Coordination Center, together 
with weather data and any significant sightings. In order to achieve saturation 
coverage, a westbound SURPIC at the eastern extremity of the search area would 
be used. 

The Trackline SURPIC is most commonly used as a precautionary measure for 
aircraft. Rarely, if ever, is a major airliner forced to ditch at sea anymore. But 
occasions frequently arise where a plane loses the services of one or more of its 
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FiGurRE 2908.—Use of Radius SURPIC. 


engines. A Trackline SURPIC provided from the point of difficulty to the destina- 
tion provides the pilot with the added assurance of knowing the positions of vessels 
beneath him. SURPIC’s have been used successfully to save the lives of pilots of 


small aircraft. 
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CHAPTER XXX 


THE OCEANS 


3001. Introduction.—Oceanography is the application of the sciences to the 
phenomena of the oceans. It includes a study of their forms; physical, chemical, 
geological, and biological features; and phenomena. Thus, it embraces the widely 
separated fields of geography, geology, chemistry, physics, and biology. Many subdi- 
visions of these sciences, such as sedimentation, ecology (biological relationship 
between organisms and their environment), bacteriology, biochemistry, hydrodyna- 
mics, acoustics, and optics, have been extensively studied in the oceans. 

The oceans cover 70.8 percent of the surface of the earth. The Atlantic covers 
16.2 percent, the Pacific 32.4 percent (3.2 percent more than the land area of the 
entire earth), the Indian Ocean 14.4 percent, and marginal and adjacent areas (of 
which the largest is the Arctic Ocean) 7.8 percent. Their extent alone makes them 
an important subject for study. However, greater incentive lies in their use for 
transportation, their influence upon weather and climate, and their potentiality as 
a source of power, food, freshwater, and mineral and organic substances. 

3002. History of oceanography.—The earliest studies of the oceans were con- 
cerned principally with problems of navigation. Information concerning tides, cur- 
rents, soundings, ice, and distances between ports was needed as ocean commerce 
increased. According to Posidonius, a depth of 1,000 fathoms had been measured in 
the Sea of Sardinia as early as the second century BC. About the middle of the 19th 
century, the Darwinian theories of evolution gave a great impetus to the collection 
of marine organisms, since it is believed by some that all terrestrial forms have 
evolved from oceanic ancestors. Later, the serious depletion of many fisheries called 
for investigation of the relation of the economically valuable organisms to the 
physical characteristics of their environment, especially in northwestern Europe 
and off Japan. Still later, the growing use of the oceans in warfare, particularly 
after the development of the submarine, required that much effort be expended in 
problems of detection and attack, resulting in the study of many previously neglect- 
ed scientific aspects of the sea. 

Oceanographic exploration. Exploration of the seas was primarily geographical 
until the 19th century, although the accumulated observations of seafarers, as 
recorded in the early charts and sailing directions, often included data on tides, 
currents, and other oceanographic phenomena. The great voyages of discovery, 
particularly those beginning in 1768 with Captain Cook, and continued by such 
commanders as La Pérouse, Bellingshausen, and Wilkes, included scientists in their 
complements. However, scientific work on the oceans at this period was severely 
limited by lack of suitable instruments for probing conditions below the surface. 
Meanwhile, Lieutenant Matthew Fontaine Maury, USN, working in the forerunner 
of the U. S. Navy Hydrographic Office in Washington, developed to a high degree of 
perfection the analysis of log-book observations. His first results, published in 1848, 
were of great importance to ship operations in the recommendation of favorable 
sailing routes, and they stimulated international cooperation in the fields of ocean- 
ography and marine meteorology. 
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In the rapid advances in technology after 1850, oceanographic instrumentation 
problems were not neglected, with the result that the British Navy in 1872-76 was 
able to send HMS Challenger around the world on the first purely deep-sea oceano- 
graphic expedition ever attempted. Her bottom samples, as analyzed by Sir John 
Murray, laid the foundation of geological oceanography, and 77 of her seawater 
samples, analyzed by C. R. Dittmar, proved for the first time that various constitu- 
ents of the salts in seawater are everywhere in virtually the same proportions. 

Since that time, the coastal waters and fishing banks of many nations have 
been extensively studied, and numerous vessels of various nationalities have con- 
ducted work on the high seas. Notable among these have been the American 
Albatross from 1882 to 1920; the Austrian Pola in the Mediterranean and Red Seas 
between 1890 and 1896; the Danish Dana, which during its voyages of 1920-22 
discovered the breeding place of the European eels in the Sargasso Sea; the Ameri- 
can Carnegie in 1927-29; the German Meteor in the Atlantic from 1928 to 1938; and 
the British Discovery IT in the Antarctic between 1930 and 1939. Notable also were 
the drifts of the Norwegian vessels Fram and Maud in the arctic ice pack from 1893 
to 1896 and 1918 to 1925, respectively; the attempt by Sir George Hubert Wilkins to 
operate under the ice in the British submarine Nautilus in 1931; and the Russian 
station set up at the North Pole in 1937, which made observations from the drifting 
pack ice. ; 

At the same time, investigations pursued ashore provided the theoretical basis 
for the explanation of ocean currents, under the leadership of Helland-Hansen in 
Norway and Ekman and the Bjerknes in Sweden, while Martin Knudsen in Den- 
mark worked out the precise details of the relationship between chlorinity, salinity, 
and density, enabling the theories to be verified by field observations. 

During World War II, basic investigations were interrupted while work on 
purely military applications of oceanography was carried out. Deep-sea expeditions 
were renewed by the Swedish Albatross after the war, followed by the Danish 
Galathea, the second British Challenger (built in 1931), and Discovery II in the 
Antarctic, and vessels of the American Scripps Institution in the Pacific. Oceano- 
graphic work was carried out by Americans and Russians in the Arctic. 

3003. Origin of the oceans.—Although many leading geologists still disagree 
with the conclusion that the structure of the continents is fundamentally different 
from that of the oceans, there is a growing body of evidence in support of the theory 
that the rocks underlying the ocean floors are more dense than those underlying 
the continents. According to this theory, all the earth’s crust floats on a central 
liquid core, and the portions that make up the continents, being lighter, float with a 
higher freeboard. Thus, the thinner areas, composed of heavier rock, form natural 
basins where water has collected. 

The shape of the oceans is constantly changing due to continental drift. The 
surface of the earth may be conceived as consisting of several “plates.’’ These plates 
are joined along fracture or fault lines. There is constant and measurable move- 
ment of these plates. 

The origin of the water in the oceans is also controversial. Although some 
geologists have postulated that all the water existed as vapor in the atmosphere of 
the primeval earth, and that it fell in great torrents of rain as soon as the earth 
cooled sufficiently, another school holds that the atmosphere of the original hot 
earth was lost, and that the water gradually accumulated as it was given off in 
steam by volcanoes or worked to the surface in hot springs. 
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Most of the water on the earth’s crust is now in the oceans—about 328,000,000 
cubic statute miles, or about 85 percent of the total. The mean depth of the ocean is 
2,075 fathoms, and the total area is 139,000,000 square statute miles. 

3004. Oceanographic chemistry may be divided into three main parts: the 
chemistry of (1) seawater, (2) marine sediments, and (3) organisms living in the sea. 
The first is of particular interest to the navigator. 

Chemical properties of seawater are determined by analyzing samples of water 
obtained at various places and depths. Samples from below the surface are obtained 
by means of metal bottles designed for this purpose. The open bottles are attached 
at suitable intervals to a wire lowered into the sea. When they reach the desired 
depths, a metal ring or messenger is dropped down the wire. When the messenger 
arrives at the first bottle, it causes the bottle to close, trapping a sample of the 
water at that depth, and releasing a second messenger which travels on down the 
wire. The process is repeated at each bottle until all are closed, when they are 
hauled up and each bottle detached as it comes within reach. Of the various types 
devised, the Nansen bottle is the most widely known. It is equipped with a remov- 
able frame for attaching a thermometer. 

3005. Physical properties of seawater are dependent primarily upon salinity, 
temperature, and pressure. However, factors like motion of the water and the 
amount of suspended matter affect such properties as color and transparency, 
conduction of heat, absorption of radiation, etc. 

3006. Salinity is the amount of dissolved solid material in the water when 
carbonate has been converted to oxide, bromide and iodide to chloride, and organic 
material oxidized. It is usually expressed as parts per thousand (by weight), under 
certain standard conditions. This is not the same as chlorinity, which is equal 
approximately to the amount of chlorine, with bromides and oxides converted to 
chloride. (Actually the chlorine content is about 1.00045 times the chlorinity as 
determined by standard procedures.) The two have been found to be related empiri- 
cally by the formula: 


salinity =0.03+ 1.805 x chlorinity. 


Historically the determination of salinity was a slow and difficult process, while 
chlorinity could be determined easily and accurately by titration with silver nitrate. 
It was customary to determine chlorinity and compute salinity by the formula given 
above. By this process, salinity could be determined with an error not exceeding 
0.02 parts per thousand. Salinity can now be measured directly using a salinometer 
which measures changes in conductivity. Salinity generally varies between about 33 
and 37 parts per thousand, the average being about 35 parts per thousand. Howev- 
er, when the water has been diluted, as near the mouth of a river or after a heavy 
rainfall, the salinity is somewhat less; and in areas of excessive evaporation, the 
salinity may be as high as 40 parts per thousand. In certain confined bodies of 
water, notably the Great Salt Lake in Utah, and the Dead Sea in Asia Minor, the 
salinity is several times this maximum. Chlorinity accounts for about 55 percent of 
salinity, the average being about 19 parts per thousand. 
3007. Temperature in the ocean varies widely, both horizontally and with 
depth. Maximum values of about 90°F are encountered at the surface in the Persian 
Gulf in summer, and the lowest possible values of about 28°F (the usual minimum 
freezing point of seawater) occur in polar regions and near the ocean bottom 
everywhere, including the Tropics. Pub. No. 225, World Atlas of Sea Surface Tem- 
peratures, shows in detail the average sea surface temperatures for each month. 
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The following tabulation gives the percentage distribution of temperatures for the 
world for the months of February and August, as derived from this source: 


Surface temperature Percentage of area of ocean 
°F February August 
<35 12.0 13.1 

35-40 6.5 38) 
40-45 4.0 3.0 
45-50 4.5 5.0 
50-55 4.0 6.5 
55-60 5.0 6.0 
60-65 5.5 6.3 
65-70 8.0 7.0 
70-75 10.0 10.4 
75-80 U5) 16.5 
80-85 23.0 jada 
85-90 0.0 0.2 


The vertical distribution of temperature in the sea nearly everywhere shows a 
decrease of temperature with depth. Since colder water is denser (assuming the 
same salinity), it sinks below warmer water. This results in a temperature distribu- 
tion just opposite to that of the earth’s crust, where temperature increases with 
depth below the surface of the ground. 

In general, in the sea there is usually a mixed layer of isothermal water below 
the surface, where the temperature is the same as that of the surface. This layer is 
caused by two physical processes: wind mixing, and convective overturning as 
surface water cools and becomes more dense. The layer is best developed in the 
Arctic and Antarctic regions and seas like the Baltic and Sea of Japan during the 
winter, where it may extend to the bottom of the ocean. In the Tropics, the wind- 
mixed layer may exist to a depth of 125 meters. The layer may exist throughout the 
year. Below this layer is a zone of rapid temperature decrease, called the thermo- 
cline, to the temperature of the deep oceans. At a depth greater than 200 fathoms, 
the temperature everywhere is below 60°F, and in the deeper layers, fed by cooled 
waters that have sunk from the surface in the Arctic and Antarctic, temperatures 
as low as 28°5F exist. 

In the colder regions the cooling creates the convective overturning and isother- 
mal water in the winter; but in the summer a seasonal thermocline is created as 
the upper water becomes warmer. 

A typical curve of temperature at various depths is shown in figure 3508a. 
Temperature at any desired depth can be determined by means of a reversing 
thermometer attached to a Nansen bottle (art. 8004). When the bottle closes, the 
thermometer measures the temperature to within 0°04F, thus providing a reading 
for a particular time and point. Instruments with thermistors (devices that utilize 
the change in conductivity of a semiconductor with change in temperature) are 
commonly used to measure temperature. The STD (salinity-temperature-depth) is 
an instrument that provides continuous signals as it is lowered from the vessel; 
temperature is determined by means of a thermistor, salinity by conductivity, and 
depth by pressure. Continuous records of temperature were first obtained by an 
instrument called a bathythermograph, invented by Spilhaus in 1938. This device 
functioned to a depth of 75 meters. 

The mechanical bathythermograph has been replaced almost entirely by the 
expendable bathythermograph (XBT), which uses a thermistor. The XBT is con: 
nected to the vessel by a fine wire. The wire is coiled inside the probe and as the 
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probe freefalls in the ocean, the wire pays out. Depth is determined by elapsed 
time and a known sink rate. Depth range is determined by the amount of wire 
stored in the probe; the most common model has a depth range of 500 meters. At 
the end of the drop, the wire breaks and the probe falls to the ocean bottom. One 
instrument of this type is dropped from an aircraft, the data being relayed to the 
aircraft from a buoy to which the wire of the XBT is attached. 

3008. Pressure.—In oceanographic work, pressure is generally expressed in 
units of the centimeter-gram-second system. The basic unit of this system is 1 dyne 
per square centimeter. This is a very small unit, one million constituting a practical 
unit called a bar, which is nearly equal to 1 atmosphere. Atmospheric pressure is 
often expressed in terms of millibars, 1,000 of these being equal to 1 bar. In 
oceanographic work, water pressure is commonly expressed in terms of decibars, 10 
of these being equal to 1 bar. One decibar is equal to nearly 1% pounds per square 
inch. This unit is convenient because it is very nearly the pressure exerted by 1 
meter of water. Thus, the pressure in decibars is approximately the same as the 
depth in meters, the unit of depth customarily used in oceanographic research. In 
terms more familiar to the mariner, the pressure at various depths is as follows: 


Depth in Pressure in pounds per 
fathoms square inch 
1,000 2,680 
2,000 5,390 
3,000 8,100 
4,000 10,810 
5,000 13,520 


The increase in pressure with depth is nearly constant because water is only 
slightly compressible. 

Although virtually all of the physical properties of seawater are affected to a 
measurable extent by pressure, the effect is not as great as those of salinity and 
temperature. Pressure is of particular importance to submarines, directly because 
of the stress it induces cn the materials of the craft, and indirectly because of its 
effect upon buoyancy. 

3009. Density is mass per unit volume. Oceanographers use the centimeter- 
gram-second system, in which density is expressed as grams per cubic centimeter. 
The ratio of the density of a substance to that of a standard substance under stated 
conditions is called specific gravity. By definition, the density of distilled water at 
4°C (39°2 F) is 1 gram per milliliter (approximately 1 gram per cubic centimeter). 
Therefore, if this is used as the standard, as it is in oceanographic work, density 
and specific gravity are virtually identical numerically. 

The density of seawater depends upon salinity, temperature, and pressure. At 
constant temperature and pressure, density varies with salinity or, because of the 
relationship between this and chlorinity, with the chlorinity. A temperature of 32°F 
and atmospheric pressure are considered standard for density determination. The 
effects of thermal expansion and compressibility are used to determine the density 
at other temperatures and pressures. The density at a particular pressure affects 
the buoyancy of submarines. It is also important in its relation to ocean currents. 

The greatest changes in density of seawater occur at the surface, where the 
water is subject to influences not present at depths. Here density is decreased by 
precipitation, run-off from land, melting of ice, or heating. When the surface water 
becomes less dense, it tends to float on top of the more dense water below. There is 
little tendency for the water to mix, and so the condition is one of stability. The 


780 THE OCEANS 


density of surface water is increased by evaporation, formation of sea ice, and by 
cooling. If the surface water becomes more dense than that below, it causes convec- 
tive mixing. The more dense surface water sinks and mixes with less dense water 
below. The resultant layer of water is of intermediate density. This process contin- 
ues until the density of the mixed layer becomes less than that of the water below. 
The convective circulation established as part of this process can create very deep 
uniform mixed layers. If the surface water becomes sufficiently dense, it sinks all 
the way to the bottom. If this occurs in an area where horizontal flow is unobstruct- 
ed, the water which has descended spreads to other regions, creating a dense 
bottom layer. Since the greatest increase in density occurs in polar regions, where 
the air is cold and great quantities of ice form, the cold, dense polar water sinks to 
the bottom and then spreads to lower latitudes. In the Arctic Ocean region, the 
cold, dense water is confined by the Bering Strait and the underwater ridge from 
Greenland to Iceland to Europe. In the Antarctic, however, there are no similar 
geographic restrictions and large quantities of very cold, dense water formed there 
flow to the north along the ocean bottom. This process has continued for a suffi- 
ciently long period of time that the entire ocean floor is covered with this dense 
water, thus explaining the layer of cold water at great depths in all the oceans. 

In some respects, oceanographic processes are similar to those occurring in the 
atmosphere (ch. XXXVIII). The convective circulation in the ocean is somewhat 
similar to that in the atmosphere. Water masses having nearly uniform characteris- 
tics are analogous to airmasses. 

3010. Compressibility—Seawater is nearly incompressible, its coefficient of 
compressibility being only 0.000046 per bar under standard conditions. This value 
changes slightly with changes of temperature or salinity. The effect of compression 
is to force the molecules of the substance closer together, causing it to become more 
dense. Even though the compressibility is low, its total effect is considerable be- 
cause of the amount of water involved. If the compressibility of seawater were zero, 
sea level would be about 90 feet higher than it now is. 

3011. Viscosity is resistance to flow. Seawater is slightly more viscous than 
freshwater. Its viscosity increases with greater salinity, but the effect is not nearly 
as marked as that occurring with decreasing temperature. The rate is not uniform, 
becoming greater as the temperature decreases. Because of the effect of tempera- 
ture upon viscosity, an incompressible object might sink at a faster rate in warm 
surface water than in colder water below. However, for most objects, this effect may 
be more than offset by the compressibility of the object. 

The actual relationships existing in the ocean are considerably more complicat- 
ed than indicated by the simple explanation given above, because of turbulent 
motion within the sea. The disturbing effect is called eddy viscosity. 

3012. Specific heat is the amount of heat required to raise the temperature of a 
unit mass of a substance a stated amount. In oceanographic work, specific heat is 
stated, in centimeter-gram-second units, as the number of calories needed to raise 1 
gram of the substance 1°C. Specific heat at constant pressure is usually the quanti- 
ty desired when liquids are involved, but occasionally the specific heat at constant 
volume is required. The ratio of these two quantities has a direct relationship to the 
speed of sound in seawater. 
hoe The specific heat of seawater decreases slightly as salinity increases. However, 
it is much greater than that of land. The ocean is a giant sink and source for heat. 
It can absorb large quantities of heat with very little change in temperature. This is 
partly due to the high specific heat of water and partly due to mixing in the ocean 
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that distributes the heat throughout a layer. Land has a lower specific heat and, in 
addition, all heat is lost or gained from a thin layer at the surface. This accounts 
for the greater temperature range of land and the atmosphere above it, resulting in 
monsoons (art. 3809) and the familiar land and sea breezes of tropical and temper- 
ate regions (art. 3813). 

3013. Thermal expansion.—One of the more interesting differences between 
salt and freshwater relates to thermal expansion. Saltwater continues to become 
more dense as it cools to the freezing point; freshwater reaches maximum density at 
4°C and then expands (becomes less dense) as the water cools to 0°C and freezes. 
This means that the convective mixing of freshwater stops at 4°C; freezing proceeds 
very rapidly beyond that point. The rate of expansion with increased temperature is 
greater in seawater than in freshwater. Thus, at temperature 15°C (59°F), and 
atmospheric pressure, the coefficient of thermal expansion is 0.000151 per degree 
Celsius for freshwater and 0.000214 per degree Celsius for water of 35 parts per 
thousand salinity. The coefficient of thermal expansion increases not only with 
greater salinity, but also with increased temperature and pressure. At 35 parts per 
thousand, the coefficient of surface water increases from 0.000051 per degree Celsi- 
us at 0°C (82°F) to 0.000334 per degree Celsius at 30°C (86°F). At a constant 
temperature of 0°C (32°F) and a salinity of 34.85 parts per thousand, the coefficient 
increases to 0.000276 per degree Celsius at a pressure of 10,000 decibars (at a depth 
of approximately 10,000 meters). 

3014. Thermal conductivity.—In water, as in other substances, one method of 
heat transfer is by conduction. Freshwater is a poor conductor of heat, having a 
coefficient of thermal conductivity of 0.00139 calories per second per centimeter per 
degree Celsius. For seawater it is slightly less but increases with greater tempera- 
ture or pressure. 

However, if turbulence is present, which it nearly always is to some extent in 
the ocean, the processes of heat transfer are altered. The effect of turbulence is to 
increase greatly the rate of heat transfer. The “eddy” coefficient used in place of 
the still-water coefficient is so many times larger, and so dependent upon the 
degree of turbulence that the effects of temperature and pressure are not impor- 
tant. 

3015. Electrical conductivity —Water without impurities is a very poor conduc- 
tor of electricity. However, when salt is in solution in water, the salt molecules are 
ionized (art. 4007) and therefore are carriers of electricity. (What is commonly 
called freshwater has many impurities and is a good conductor of electricity; only 
pure distilled water is a poor conductor of electricity.) Hence, the electrical conduc- 
tivity of seawater is directly proportional to the number of salt molecules in the 
water. For any given salinity, the conductivity increases with an increase in tem- 
perature. 

3016. Radioactivity.—Although the amount of radioactive material in seawater 
is very small, this material is present in marine sediments to a greater extent than 
in the rocks of the earth’s crust. This is probably due to precipitation of radium or 
other radioactive material from the water. The radioactivity of the top layers of 
sediment is less than that of deeper layers. This may be due to absorption of 
radioactive material in the soft tissues of marine organisms. 

3017. Refractive index (art. 1606) of seawater increases as salinity becomes 
greater, or as temperature decreases. Since it varies with frequency of the radiant 
energy, the “D line” of sodium is usually used as the standard for comparison. 
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3018. Surface tension of water in dynes per square centimeter is approximately 
equal to 75.64—0.144T+0.0399Cl, where T is temperature in degrees Celsius (centi- 
grade) and Cl is the chlorinity of the water in parts per thousand. As indicated by 
the last term, the surface tension increases with chlorinity, and is therefore a little 
more for seawater than for freshwater. However, the presence of impurities causes 
it to be somewhat less than indicated by the formula. 

3019. Transparency of seawater varies with the number, size, and nature of 
particles suspended in the water, as well as with the nature and intensity of 
illumination. The rate of decrease of light energy with depth is called the “extinc- 
tion coefficient.” The earliest method of measuring transparency was by means of a 
Secchi disk, a white disk 30 centimeters (a little less than 1 foot) in diameter. This 
was lowered into the sea, and the depth at which it disappeared was recorded. In 
coastal waters the depth varies from about 5 to 25 meters (16 to 82 feet). Offshore, 
the depth is usually about 45 to 60 meters (148 to 197 feet). The greatest recorded 
depth at which the disk has disappeared is 66 meters (217 feet), in the Sargasso Sea. 

Although the Secchi disk still affords a simple method of measuring transpar- 
ency, more exact methods have been devised. 

3020. Color.—The color of seawater varies considerably. Water of the Gulf 
Stream is a deep indigo blue, while a similar current off Japan was named Kuro- 
shio (Black Stream) because of the dark color of its water. Along many coasts the 
water is green. In certain localities a brown or brownish-red water has been 
observed. Colors other than blue are caused by biological sources, such as plankton, 
or by suspended sediments from river runoff. 

Offshore, some shade of blue is common, particularly in tropical or subtropical 
regions. It is due to scattering of sunlight by minute particles suspended in the 
water, or by molecules of the water itself. Because of its short wavelength, blue 
light is more effectively scattered than light of longer waves. Thus, the ocean 
appears blue for the same reason that the sky does (art. 3816). The green color often 
seen near the coast is a mixture of the blue due to scattering of light and a stable 
soluble yellow pigment associated with phytoplankton. Brown or brownish-red 
water receives its color from large quantities of certain types of algae, microscopic 
plants in the sea or from river runoff. 

3021. Marine geology is a branch of oceanography dealing with bottom relief, 
particularly the characteristics of ocean basins and the geological processes that 
brought them into being and tend to alter them, as well as with marine sediments. 

3022. Bottom relief.—Compared io land, relatively little is known of relief 
below the surface of the sea. Until recent years, the sea has proved an effective 
barrier to acquisition of knowledge of features below its surface. Although sound- 
ings of 1,000 fathoms were probably made as early as the second century BC (art. 
3002), the number of deep sea soundings by means of a weight lowered to the 
bottom had been relatively few. The process was a time-consuming one requiring 
special equipment. Several hours were needed for a single sounding. Since the 
development of an effective echo sounder (art. 619) in 1922, the number of deep sea 
soundings has greatly increased. Later, a recording echo sounder was developed to 
permit the continuous tracing of a bottom profile. This has assisted materially in 
the acquisition of knowledge of bottom relief. By this means, Many mountain 
ranges, and other features have been discovered. Although the main features are 
becoming known, a great many details are yet to be learned. 

Along most of the coasts of the continents, the bottom slopes gradually down- 
ward to a depth of about 100 fathoms or somewhat less, where it falls away more 
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rapidly to greater depths. This continental shelf (fig. 3022a) averages about 30 miles 
in width, but varies from nothing to about 800 miles, the widest part being off the 
Siberian arctic coast. A similar shelf extending outward from an island or group of 
islands is called an island shelf. At the outer edge of the shelf, the steeper slope of 
2° to 4° is called the continental slope, or the island slope, according to whether it 
surrounds a continent or group of islands. The shelf itself is not uniform, but has 
numerous hills, ridges, terraces, and canyons, the largest being comparable in size 
to the Grand Canyon. 

The relief of the ocean floor is comparable to that of land. Both have steep, 
rugged mountains, deep canyons, rolling hills, plains, etc. Most of the ocean floor is 
considered to be made up of a number of more-or-less circular or oval depressions 
called basins, surrounded by walls (sills) of lesser depth. 

Undersea features (figs. 3022a and 3022b) are defined as follows: 

Archipelagic apron or apron.—A gentle slope with a generally smooth surface 
on the sea floor, particularly as found around groups of islands or seamounts. 

Bank.—An elevation of the sea floor located on a shelf and over which the 
depth of water is relatively shallow but sufficient for safe surface navigation. 

Basin.—A depression of variable extent and more-or-less circular or oval in 
form. 

Borderland or continental borderland.—A region adjacent to a continent, nor- 
mally occupied by or bordering a shelf, that is highly irregular with depths well in 
excess of those typical of a shelf. 

Canyon.—A relatively narrow, deep depression with steep slopes, the bottom of 
which generally grades downward. 

Cone.—See FAN. 

Continental borderland.—See BORDERLAND. 

Continental margin.—The zone separating the emergent continent from the 
deep sea bottom, generally consisting of the rise, slope, and shelf. 

Continental rise.—A gentle slope rising toward the foot of the continental slope. 
See RISE. 

Continental shelf.—See SHELF. 

Cordillera.—An entire mountain system including all the subordinate ranges, 
interior plateaus, and basins. 

Escarpment or scarp.—An elongated and comparatively steep slope of the sea 
floor, separating flat or gently sloping areas. 

Fan or cone.—A gently sloping, fan-shaped feature normally located near the 
lower termination of a canyon. 

Fracture zone.—An extensive linear zone of unusually irregular topography of 
the sea floor characterized by large seamounts, steep-sided or asymmetrical ridges, 
troughs, or escarpments. 

Gap.—A depression cutting transversely across a ridge or rise. 

Hill. —A small elevation rising generally less than 200 meters from the sea 
floor. . 

Hole.—A small depression of the sea floor. 

Knoll.—An elevation rising less than 1,000 meters from the sea floor and of 
limited extent across the summit. 

Levee.—An embankment bordering either one or both sides of a seachannel or 
the low-gradient seaward part of a canyon or valley. 

Moat.—An annual depression that may not be continuous, located at the base 


of many seamounts or islands. 
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Mountains.—A well delineated subdivision of a large and complex positive 
feature, generally part of a cordillera. 

Peak.—An individual pointed top on a ridge or a complex seamount. 

Plain.—A flat, gently sloping or nearly level region of the sea floor. 

Plateau.—A comparatively flat-topped elevation of the sea floor of considerable 
extent across the summit and usually rising more than 200 meters on at least one 
side. 

Province.—A region composed of a group of similar bathymetric features whose 
characteristics are markedly in contrast with surrounding areas. 

Range.—A series of ridges or seamounts, generally parallel. 

Reef.—An offshore consolidated rock hazard to navigation with a least depth of 
20 meters (or 10 fathoms) or less. 

Ridge.—A long, narrow elevation of the sea floor with steep sides. 

Rise.—A long, broad elevation that rises gently and generally smoothly from 
the sea floor. 

Saddle.—A low part on a ridge or between seamounts. 

Seachannel.—A long, narrow, U-shaped, or V-shaped, shallow depression of the 
sea floor, usually occurring on a gently sloping plain or fan. 

Seamount.—An elevation rising 1,000 meters or more from the sea floor, and of 
limited extent across the summit. 

Shelf or continental shelf.—A zone adjacent to a continent or around an island, 
and extending from the low waterline to the depth at which there is usually a 
marked increase of slope to greater depth. 

Shoal.—An offshore hazard to navigation with a least depth of 20 meters (or 10 
fathoms) or less, composed of unconsolidated material. 

Sill.—The low part of the ridge or rise separating ocean basins from one 
another or from the adjacent sea floor. 

Slope or continental slope.—The declivity seaward from a shelf into greater 
depth. 

Spur.—A subordinate elevation, ridge, or rise projecting from a larger feature. 

Tablemount or Guyot.—A seamount having a comparatively smooth, flat top. 

Terrace or bench.—A bench-like feature bordering an undersea feature. 

Trench.—A long, narrow and deep depression of the sea floor, with relatively 
steep sides. 


Trough.—A long depression of the sea floor, normally wider and shallower than 
a trench. 

Valley.—A relatively shallow, wide depression with gentle slopes, the bottom of 
which generally grades continuously downward. This term is used for features that 
do not have canyon-like characteristics in any significant part of their extent. 

The term deep may be used for a very deep part of the ocean, generally that 
part deeper than 3,000 fathoms. 

The average depth of water in the oceans is 2,075 fathoms (12,450 feet), as 
compared to an average height of land above the sea of about 2,750 feet. The 
greatest known depth is 35,800 feet, in the Marianas Trench in the Pacific. The 
highest known land is Mount Everest, 29,002 feet. About 23 percent of the ocean is 
shallower than 10,000 feet, about 76 percent is between 10,000 and 20,000 feet, and 
a little more than 1 percent is deeper than 20,000 feet. 

3023. Marine sediments.—The ocean floor is composed of material deposited 
there through the years. This material consists principally of (1) earth and rocks 
washed into the sea by streams and waves, (2) volcanic ashes and lava, and (8) the 
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remains of marine organisms. Lesser amounts of land material are carried into the 
sea by glaciers, blown out to sea by wind, or deposited by chemical means. This 
latter process is responsible for the manganese nodules that cover some parts of the 
ocean floor. In the ocean, the material is transported by ocean currents, waves, and 
ice. Near shore the material is deposited at the rate of about 3 inches in 1,000 
years, while in the deep water offshore the rate is only about half an inch in 1,000 
years. Marine deposits in water deep enough to be relatively free from wave action 
are subject to little erosion. Recent studies have shown that some bottom currents 
are strong enough to move sediments. There are turbidity currents, similar to land 
slides, that move large masses of sediments. Turbidity currents have been known to 
rip apart large transoceanic cables on the ocean bottom. Because of this and the 
slow rate of deposit, marine sediments provide a better geological record than does 
the land. 

Marine sediments are composed of individual particles of all sizes from the 
finest clay to large boulders. In general, the inorganic deposits near shore are 
relatively coarse (sand, gravel, shingle, etc.), while those in deep water are much 
finer (clay). In some areas the siliceous remains of marine organisms or the calcare- 
ous deposits (of either organic or inorganic origin) are sufficient to predominate on 
the ocean floor. 

A wide range of colors is found in marine sediments. The lighter colors (white 
or a pale tint) are usually associated with coarse-grained quartz or limestone 
deposits. Darker colors (red, blue, green, etc.) are usually found in mud having a 
predominance of some mineral substance, such as an oxide of iron or manganese. 
Black mud is often found in an area that is little disturbed, such as at the bottom of 
an inlet or in a depression without free access to other areas. 

Marine sediments are studied primarily by means of bottom samples. Samples 
of surface deposits are obtained by means of a snapper (for mud, sand, etc.) or 
“dredge” (usually for rocky material). If a sample of material below the bottom 
surface is desired, a “coring” device is used. This device consists essentially of a 
tube driven into the bottom by weights or explosives. A sample obtained in this way 
preserves the natural order of the various layers. Samples of more than 100 feet in 
depth have been obtained by means of coring devices. The bottom sample obtained 
by the mariner, by arming his lead with tallow or soap (art. 618), is an incomplete 
indication of bottom surface conditions. 

3024. Synoptic oceanography.—Bathythermograph and sea surface tempera- 
ture observations are reported directly to the Fleet Numerical Oceanography 
Center, Monterey, California. These synoptic reports are then analyzed by computer 
to determine ocean thermal conditions at any point in the Northern Hemisphere. 
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CHAPTER XXXI 


TIDES AND TIDAL CURRENTS 


General 


3101. The tidal phenomenon is the periodic motion of the waters of the sea due 
to differences in the attractive forces of various celestial bodies, principally the 
moon and sun, upon different parts of the rotating earth. It can be either a help or 
hindrance to the mariner—the water’s rise and fall may at certain times provide 
enough depth to clear a bar and at others may prevent him from entering or 
leaving a harbor. The flow of the current may help his progress or hinder it, may 
set him toward dangers or away from them. By understanding this phenomenon 
and by making intelligent use of predictions published in tide and tidal current 
tables and of descriptions in sailing directions, the mariner can set his course and 
schedule his passage to make the tide serve him, or at least to avoid its dangers. 

3102. Tide and current.—In its rise and fall, the tide is accompanied by a 
periodic horizontal movement of the water called tidal current. The two move- 
ments, tide and tidal current, are intimately related, forming parts of the same 
phenomenon brought about by the tide-producing forces of the sun and moon, 
principally. 

It is necessary, however, to distinguish clearly between tide and tidal current, 
for the relation between them is not a simple one nor is it everywhere the same. 
For the sake of clearness and to avoid misunderstanding, it is desirable that the 
mariner adopt the technical usage: tide for the vertical rise and fall of the water, 
and tidal current for the horizontal flow. The tide rises and falls, the tidal current 
floods and ebbs. In British usage, tidal current is called tidal stream. 

3103. Cause.—It is often said of science that the ability to predict a natural 
event is indicative of understanding. Since tides are the most accurately predictable 
oceanographic phenomena, one could easily assume that physical oceanographers 
truly understand them. Unfortunately, this is not true; significant gaps remain. An 
examination of the details of this apparent contradiction gives insight into one of 
the most exciting areas of oceanography—ocean tides. 

To facilitate this examination, it will be desirable, first of all, to discuss the 
fundamental tide-generating forces and the theoretical equilibrium tide they try to 
produce. The principal tide-generating forces on the surface of the earth result from 
the differential gravitational forces of the moon and sun. The moon is the main 
tide-generating body. Due to its greater distance, the effect of the sun is only 46 
percent of the effect due to the moon. After-the theoretical equilibrium tide pro- 
duced by the sun and moon is discussed in this article, the actual tide as observed 
in nature is described in article 3104. Observed tides will differ considerably from 
the tides predicted by equilibrium theory since size, depth, and configuration of the 
basin or waterway, friction, landmasses, inertia of watermasses, Coriolis accelera- 
tion, and other factors are neglected in this theory. Nevertheless, equilibrium 
theory will be sufficient to describe the magnitude and distribution of the main 
tide-generating forces across the surface of the earth. 
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Tide-Generating Forces 


Newton’s universal law of gravitation governs both the orbits of celestial bodies 
and the tide-generating forces which occur on these bodies. The force of gravitation- 
al attraction between any two masses, m,; and mz, is given by 


Gmym2 


d? 


> 


where d is the distance between the two masses and G is a constant which depends 
upon the units employed. This law assumes that m: and mz are point masses. 
Newton was able to show that homogeneous spheres could be treated as point 
masses when determining their orbits. However, when computing differential gravi- 
tational forces, the actual dimensions of the masses must be taken into account. 

Using the law of gravitation, it is found that the orbits of two point masses are 
conic sections about the barycenter of the two masses (art. 1407). If either one or 
both of the masses are homogeneous spheres instead of point masses, the orbits are 
the same as the orbits which would result if all of the mass of the sphere were 
concentrated at a point at the center of the sphere. In the case of the earth-moon 
system, both the earth and the moon describe elliptical orbits about their bary- 
center if the simplifying assumption is made that both bodies are homogeneous 
spheres and the gravitational forces of the sun and other planets are neglected. The 
earth-moon barycenter is located at a distance of 0.74 Rr from the earth’s center, 
where Fz is the radius of the earth. This is approximately three-fourths of the 
distance from the center of the earth to the surface of the earth along the line 
connecting the centers of the earth and moon (fig. 3103a). 


TO MOON 


EARTH—MOON BARYCENTER 


CENTER OF MASS 
OF EARTH 


Ficure 3103a.—Earth-moon barycenter. 


Thus, the center of mass of the earth describes a very small ellipse about the 
earth-moon barycenter whereas the center of mass of the moon describes a much 
larger ellipse about the same barycenter. If the gravitational forces of the other 
bodies of the solar system are neglected, Newton’s law of gravitation also predicts 
that the earth-moon barycenter will describe an orbit which is approximately 
elliptical about the barycenter of the sun-earth-moon system. This barycentric point 
lies inside the sun (fig. 3103b). 

The differences in gravitational attraction of various celestial bodies, principal- 
ly the moon and sun, upon different parts of the rotating and revolving earth are 
the fundamental tide-generating forces. These differential gravitational forces are . 
described here by considering first the effects of the moon only. The results will be 
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FicureE 3103b.—Orbit of earth-moon barycenter (not to scale). 


general and can be applied directly to describe the differential gravitational forces 
of the sun. 


Earth-Moon System 


When determining the orbit of the earth’s center of mass about the earth-moon 
barycenter, the gravitational force exerted by the moon on the earth is given by 


GM: Mu 


where Mr; and My are the masses of the earth and moon, and dy is the distance 
between their centers of mass. Acceleration and force are related by Newton’s 
second law of motion, F=ma. The acceleration, a, of a mass, m, is then a=F/m. 
The terms “acceleration” and ‘force per unit mass’ may be used interchangeably. 
Combining Newton’s law of gravitation and his second law of motion, the accelera- 
tion of the earth’s center of mass about the earth-moon barycenter is 


GMu 
dy 


a= 


In determining the direction and magnitude of tide-generating forces of the 
moon, the simplest case to treat is that of the sublunar point and its antipode on 
the earth. These two points are labeled P; and Pz in figure 3103c. 


C —Earth’s center of mass. 
B —Earth-moon barycenter. 
P,—Sublunar point. 
P,—Antipode of sublunar point. 


Pa 


Figure 3103c.—Sublunar point and antipode. 


The acceleration at the point P, due to the gravitational attraction of the moon 
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GMnu 


Fi (du — Rr)? 


ai 


where Rr is the radius of the earth. The acceleration at the point P. due to the 
gravitational attraction of the moon is 
GMnu 


2 (du + Re)? , 


A2 


The differential acceleration at P,, that is, the acceleration at P, relative to the 
acceleration of the center of the earth, is 
GMu GMu 


a,—a,= — 


(du —Rz)? du 


With some simplification, this expression becomes 


2GMy Re 
CC — : 
dy 


This is the differential acceleration or differential force per unit mass at the 
sublunar point P,. In a similar manner, the differential acceleration at the anti- 
pode, point P2, is found to be 

—2GMu Re 


d°y 


QA2—Ac = 


Both the accelerations and the resulting differential accelerations or differential 
forces per unit mass are shown in figure 3103d. 
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F; and Fz represent the differential 
forces per unit mass at the sublunar 
point and the antipode, points P, and 


Differential gravitational force per 
unit mass at sublunar point P, is aj-a,. 


Differential gravitational force per Po, where 
unit mass at antipode,point Po, is as -a.. i) See 
Fo =ao-a, 


Figure 3103d.—Differential gravitational forces per unit mass at sublunar point and antipode. 


Note that the differential gravitational force per unit mass at the antipode, 
point P2, is negative. Thus, at both the sublunar point and the antipode, the moon’s 
differential gravitational forces are vertical and directed away from the center of 
the earth. ; 


TIDES AND TIDAL CURRENTS 793 


A more complicated situation occurs when the moon’s gravitational forces act 
on points of the earth’s surface other than the sublunar point and the antipode. To 
find the differential accelerations at the sublunar point and the antipode, it was 
only necessary to take the algebraic difference between the accelerations at the 
surface and the acceleration of the earth’s center. At other points on the surface, 
however, both the magnitude and direction of the moon’s gravitational forces differ 
from that at the earth’s center (figure 3108e). To obtain the differential accelera- 
tions at the other points, it is necessary to subtract the accelerations vectorially: 
Fp =G@u—Ge, where Fp is the differential acceleration or differential force per unit 
mass at any point on the surface of the earth, a is the acceleration of the earth’s 
center of mass, and ay is the acceleration or force per unit mass at the point under 


consideration due to the moon’s gravitational force acting at that point (figure 
3108f). 


amis the acceleration or force per unit mass at 
various points on the earth’s surface due the 
moon's gravitational forces at these points. 


FicurE 3103e.—Forces per unit mass on earth’s surface due Figure 3103f—Differential force 
to moon’s gravitational forces. Only the acceleration at per unit mass, Fp, is the vector 
the earth’s center and the accelerations along one great difference ay —dc. 
circle through the sublunar point and the antipode are 
shown. 


The relative effects of aw and Gc at the center of the earth and at various points 
along one great circle through the sublunar point and the antipode are shown in 
figure 3103g. The resultant differential forces per unit mass are shown in figure 
3108h. . . 

If it is assumed that the entire surface of the earth is covered with a uniform 
layer of water, the differential forces may be resolved into components perpendicu- 
lar and parallel to the surface of the earth (fig. 31031) to determine their effect. 

The components of these differential forces which are perpendicular to the 
earth’s surface have the effect of changing the weight of the mass on which they 
are acting. These vertical components do not Ae to the tidal effect. The 
horizontal components which are parallel to the earth s surface, although small, 
have the effect of moving the water in a horizontal direction toward the sublunar 
and antipodal points until an equilibrium position is found. The horizontal compo- 
nents of the differential forces are the principal tide-generating forces. These are 
also called tractive forces. Figure 3103j shows the tractive forces across the surface 


of the earth. 
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Figure 3103g.—Accelerations due to the moon’s gravitational forces, av, compared to the acceleration of 
the center of the earth, dc. Comparisons are made at the earth’s center and at various points along a 
great circle connecting the sublunar point and the antipode. The effects will be the same along all 
great circles connecting these two points. 
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Ficure 3103h.—Differential forces along a great circle connecting the sublunar point and antipode. 


The magnitudes of the horizontal and vertical components are 
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where A is the angle at the center of the earth between the line connecting the 
sublunar point and the antipode and the line from the center of the earth to the 
point under consideration (fig. 3103i). Thus, it can be seen that the horizontal 
component, which is the tide-generating force, is zero when the angle A is zero 
(sublunar point and antipode). It is also zero when the angle A is 90°. This corre- 
sponds approximately to the great circle connecting observers for which the moon is 
setting. The maximum value of Fy occurs when the angle A is 45°. 

Equilibrium will be reached when a bulge of water has formed at the sublunar 
and antipodal points such that the tractive forces due to the moon’s differential ~ 
gravitational forces on the mass of water covering the surface of the earth are just 
balanced by the earth’s gravitational attraction (fig. 3103k). 
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Fo—Differential force per unit mass on 
surface of the earth. 

Fy—Component of Fo perpendicular to 
earth's surface. 

Fu—Component of Fo parailel to earth’s 
surface. 

Fu—The principal tide-generating force. 


(B) 


(C) 


Figure 3103i.—Differential force resolved into horizontal and vertical components. (A) Fp directed out of 
surface. (B) Fp directed into surface. (C) Varying directions of Fp along a great circle through 


sublunar point. 


Consider now the effects of the rotation of the earth which were previously 
neglected. If the declination of the moon is 0°, the bulges will lie on the equator of 
the earth. As the earth rotates, an observer at the equator will note that the moon 
transits approximately every 24 hours and 50 minutes. Since there are two bulges 
of water on the equator, one at the sublunar point and the other at the antipode, 
the observer will also see two high tides during this interval with one high tide 
occurring when the moon is overhead and another high tide 12 hours 25 minutes 
later when the observer is located at the antipode. He wiil also experience two low 
tides, one between each high tide. The range of these equilibrium tides at the 


equator will be less than 1 meter. 
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Ficure 3103j.—Tractive forces across the surface of the earth. Tractive forces are zero at the sublunar 
and antipodal points and along the great circle halfway between these two points. Tractive forces 
are maximum along the small circles located 45° from the sublunar point and the antipode. 
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Ficure 3103k.—Theoretical equilibrium configuration due to moon’s differential gravitational forces. 
One bulge of the water envelope is located at the sublunar point, the other bulge at the antipode. 


The heights of the two high tides should be equal at the equator. At points 
north or south of the equator, an observer would still experience two high and two 
low tides, but the heights of the high tides, although still equal, would not be as 
great as they are at the equator. 

The effects of the declination of the moon are shown in figure 3108]. 

The preceding paragraphs addressed the tide-generating forces due to the dif- 
ferential gravitational forces of the moon on the earth. For the sublunar point, the 
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Toward the Moon 
Se eee er es ree oT 


Figure 31031.—Effects of the declination of the moon. (A) When the moon is in the plane of the equator, 
the forces are equal in magnitude at the two points on the same parallel of latitude and 180° apart 
in longitude. (B) When the moon is at north (or south) declination, the forces are unequal at such 
points and tend to cause an inequality in the two high waters and the two low waters of a day. (C) 
Observers at points X, Y, and Z experience one high tide when moon is on their meridian, then 
another high tide 12 hours 25 minutes later when at X’, Y’, and Z’. The second high tide is the same 
at X’ as at X. High tides at Y’ and Z’ are lower than high tides at Y and Z. 


force per unit mass was found to be 


2GMuRz 
ek 


In a similar manner, the differential gravitational force per unit mass due to the 
sun at the subsolar point is found to be 
2GMsRez 


’ 
d's 


where Ms is the mass of the sun and ds is the distance between the centers of mass 
of the sun and earth. To find the relative effects of the sun and moon, the ratio of 


the expressions can be used. This ratio is 


The numerical value of this ratio is 0.46. Thus, the effect of the moon is approxi- 
mately two and one-quarter times greater than the effect of the sun even though 
the moon’s mass is but a fraction of the sun’s. This is due to the fact that the 
differential forces vary inversely as the cube of the distance. Thus the moon’s 
smaller mass is offset by its much shorter distance to the earth. 

The preceding discussion pertaining to the effects of the moon is equally valid 
when discussing the effects of the sun, taking into account that the magnitude of 
the solar effects are smaller than the lunar effects. Hence, the tides will also vary 
according to the sun’s declination and its varying distance from the earth. A second 
envelope of water representing the equilibrium tides due to the sun would resemble 
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the envelope shown in figure 3103k except that the heights of the high tides would 
be smaller. 


Spring and Neap Tides 


The combined lunar-solar effect is obtained by adding the sun’s tractive forces 
vectorially to the moon’s tractive forces. The resultant tidal bulge will be predomi- 
nantly lunar with modifying solar effects upon both the height of the tide and the 
direction of the tidal bulge. Special cases of interest occur during the times of new 
and full moon (fig. 3103m). With the earth, moon, and sun lying approximately on 
the same line, the tractive forces of the sun are acting in the same direction as the 
moon’s tractive forces (modified by declination effects). The results are tides called 
spring tides whose ranges are greater than average. 


© 


New Moon 


|Water 


| 
(A) (B) ! 
| 


Full Moon 


FicurE 3103m.—(A) Spring tides occur at times of new and full moon. Range of tide is greater than 
average since solar and lunar tractive forces act in same direction. (B) Neap tides occur at times of 
first and third quarters. Range of tide is less than average since solar and lunar tractive forces act 
at right angles. 


Another case of interest occurs when the moon is at first and third quarters. At 
those times, the tractive forces of the sun are acting at approximately right angles 
to the moon’s tractive forces (fig. 3108m). The results are tides called neap tides 
whose ranges are less than average. 

With the moon in positions between quadrature and new and full moon, the 
effect of the sun is to cause the tidal bulge to either lag or precede the moon (fig. 
3103n). These effects are called priming and lagging the tides. 


Tide 


3104. General features.—Tide is the periodic rise and fall of the water accompa- 
nying the tidal phenomenon. At most places it occurs twice daily. The tide rises 
until it reaches a maximum height, called high tide or high water, and then falls to 
a minimum level called low tide or low water. 

The rate of rise and fall is not uniform. From low water, the tide begins to rise 
slowly at first but at an increasing rate until it is about halfway to high water. The 
rate of rise then decreases until high water is reached and the rise ceases. The 
falling tide behaves in a similar manner. The period at high or low water nara 
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Priming occurs when moon is between new and first Lagging occurs when moon is between first quarter 
quarter and between full and third quarter, High tide and full and between third quarter and new. High tide 
occurs before transit of moon occurs after transit of moon. 


FIGURE 3103n.—Priming and lagging the tides. 


which there is no sensible change of level is called stand. The difference in height 
between consecutive high and low waters is the range. 

Figure 3104 is a graphical representation of the rise and fall of the tide at New 
York during a 24-hour period. The tide curve has the general form of a sine curve. 
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NEW YORK 


Figure 3104.—The rise and fall of the tide at New York, shown graphically. 


3105. Types of tide.—A body of water has a natural period of oscillation that is 
dependent upon its dimensions. None of the oceans appears to be a single oscillating 
body, but rather each one is made up of a number of oscillating basins. As such 
basins are acted upon by the tide-producing forces, some respond more readily to 
daily or diurnal forces, others to semidiurnal forces, and others almost equally to 
both. Hence, tides at a place are classified as one of three types—semidiurnal, 
diurnal, or mixed—according to the characteristics of the tidal pattern occurring at 
the place. 

In the semidiurnal type of tide, there are two high and two low waters each 
tidal day, with relativeiy small inequality in the high and low water heights. Tides 
on the Atlantic coast of the United States are representative of the semidiurnal 
type, which is illustrated in figure 3105a by the tide curve for Boston Harbor. 

In the diurnal type of tide, only a single high and single low water occur each 
tidal day. Tides of the diurnal type occur along the northern shore of the Gulf of 
Mexico, in the Java Sea, the Gulf of Tonkin (off the Vietnam-China coast), and in a 
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FiGureE 3105a.—Semidiurnal type of tide. 


few other localities. The tide curve for Pei-Hai, China, illustrated in figure 3105b, is 
an example of the diurnal type. 

In the mixed type of tide, the diurnal and semidiurnal oscillations are both 
important factors and the tide is characterized by a large inequality in the high 
water heights, low water heights, or in both. There are usually two high and two 
low waters each day, but occasionally the tide may become diurnal. Such tides are 
prevalent along the Pacific coast of the United States and in many other parts of 
the world. Examples of mixed types of tide are shown in figure 3105c. At Los 
Angeles, it is typical that the inequalities in the high and low waters are about the 
same. At Seattle the greater inequalities are typically in the low waters, while at 
Honolulu it is the high waters that have the greater inequalities. 
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Figure 3105b.—Diurnal type of tide. 
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SEATTLE 
Figure 3105c.—Mixed type of tide. 
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3106. Solar tide.—The natural period of oscillation of a body of water may 
accentuate either the solar or the lunar tidal oscillations. Though it is a general 
rule that the tides follow the moon, the relative importance of the solar effect 
varies in different areas. There are a few places, primarily in the South Pacific and 
the Indonesian areas, where the solar oscillation is the more important, and at 
those places the high and low waters occur at about the same time each day. At 
Port Adelaide, Australia (fig. 3106), the solar and lunar semidiurnal oscillations are 
equal and nullify one another at neaps (art. 3108). 

3107. Special effects.—As a progressive wave enters shallow water its speed is 
decreased. Since the trough is shallower than the crest, its retardation is greater, 
resulting in a steepening of the wave front. Therefore, in many rivers, the duration 
of rise is considerably less than the duration of fall. In a few estuaries, the advance 
of the low water trough is so much retarded that the crest of the rising tide 
overtakes the low, and advances upstream as a churning, foaming wall of water 
called a bore. Bores that are large and dangerous at times of large tidal ranges may 
be mere ripples at those times of the month when the range is small. Examples 
occur in the Petitcodiac River in the Bay of Fundy, and at Haining, China, in the 
Tsientang Kaing. The tide tables indicate where bores occur. 

Other special features are the double low water (as at Hoek Van Holland) and 
the double high water (as at Southampton, England). At such places there is often a 
slight fall or rise in the middle of the high or low water period. The practical effect 
is to create a longer period of stand at high or low tide. The tide tables direct 
attention to these and other peculiarities where they occur. 

3108. Variations in range.—Though the tide at a particular place can be 
classified as to type, it exhibits many variations during the month (fig. 3106). The 
range of the tide varies in accordance with the intensity of the tide-producing force, 
though there may be a lag of a day or two (age of tide) between a particular 
astronomic cause and the tidal effect. 

Thus, when the moon is at the point in its orbit nearest the earth (at perigee), 
the lunar semidiurnal range is increased and perigean tides occur; when the moon 
is farthest from the earth (at apogee), the smaller apogean tides occur. When the 
moon and sun are in line and pulling together, as at new and full moon, spring 
tides occur (the term spring has nothing to do with the season of year); when the 
moon and sun oppose each other, as at the quadratures, the smaller neap tides 
occur. 

When certain of these phenomena coincide, the great perigean spring tides, the 
small apogean neap tides, etc., occur. 

These are variations in the semidiurnal portion of the tide. Variations in the 
diurnal portion occur as the moon and sun change declination. When the moon is at 
its maximum semi-monthly declination (either north or south), tropic tides occur in 
which the diurnal effect is at a maximum; when it crosses the equator, the diurnal 
effect is a minimum and equatorial tides occur. . 

It should be noted that when the range of.tide is increased, as at spring tides, 
there is more water available only at high tide; at low tide there is less, for the 
high waters rise higher and the low waters fall lower at these times. There is more 
water at neap low water than at spring low water. With tropic tides, there is 
usually more depth at one low water during the day than at the other. While it is 
desirable to know the meanings of these terms, the best way of determining the 
height of the tide at any place and time is to examine the tide predictions for the 


place as given in the tide tables. Figure 3108 illustrates variations in the ranges 
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@, new moon; 9, first quarter; O, full moon; C, last quarter; E, moon on the Equator; N.S, moon 


farthest north or south of the Equator; A,P, moon in apogee or perigee; ©; ,sun at autumnal equinox. 


* chart datum. 


Ficure 3106.—Tidal variations at various places during a month. 
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and heights of tides in a locality such as the Indian Ocean where predicted and 
observed water levels are referenced to a chart sounding datum that will always 
cause them to be additive relative to the charted depth. 


MEAN HIGH WATER SPRINGS 


MEAN HIGH WATER 


MEAN HIGH WATER NEAPS 


HALF -TIDE LEVEL 


MEAN LOW WATER NEAPS 


MEAN LOW WATER 


MEAN LOW WATER SPRINGS 


INDIAN SPRING LOW WATER 
(CHART SOUNDING DATUM) 


CHARTED DEPTH 


Ficure 3108.—Variations in the ranges and heights of tide in a locality where the chart sounding datum 
is Indian Spring Low Water. 


3109. Tidal cycles.—Tidal oscillations go through a number of cycles. The 
shortest cycle, completed in about 12 hours and 25 minutes for a semidiurnal tide, 
extends from any phase of the tide to the next recurrence of the same phase. 
During a lunar day (averaging 24 hours and 50 minutes) there are two highs and 
two lows (two of the shorter cycles) for a semidiurnal tide. The moon revolves 
around the earth with respect to the sun in a synodical month of about 29% days, 
commonly called the lunar month. The effect of the phase variation is completed in 
one-half a synodical month or about 2 weeks as the moon varies from new to full or 
full to new. The effect of the moon’s declination is also repeated in one-half of a 
tropical month of 27% days or about each 2 weeks. The cycle involving the moon's 
distance requires an anomalistic month of about 27% days. The sun’s declination 
and distance cycles are respectively a half year and a year in length. An important 
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lunar cycle, called the nodal period, is 18.6 years (usually expressed in round 
figures as 19 years). For a tidal value, particularly a range, to be considered a true 
mean, it must be either based upon observations extended over this period of time 
or adjusted to take account of variations known to occur during the cycle. 

3110. Time of tide.—Since the lunar tide-producing force has the greater effect 
in producing tides at most places, the tides “follow the moon.” Because of the 
rotation of the earth, high water lags behind meridian passage (upper and lower) of 
the moon. The tidal day, which is also the lunar day, is the time between consecu- 
tive transits of the moon, or 24 hours and 50 minutes on the average. Where the 
tide is largely semidiurnal in type, the lunitidal interval—the interval between the 
moon’s meridian transit and a particular phase of tide—is fairly constant through- 
out the month, varying somewhat with the tidal cycles. There are many places, 
however, where solar or diurnal oscillations are effective in upsetting this relation- 
ship, and the newer editions of charts of many countries now omit intervals because 
of the tendency to use them for prediction even though accurate predictions are 
available in tide tables. However, the lunitidal interval may be encountered. The 
interval generally given is the average elapsed time from the meridian transit 
(upper or lower) of the moon until the next high tide. This may be called mean high 
water lunitidal interval or corrected (or mean) establishment. The establishment of 
the port, high water full and change (HWF &C), or vulgar (or common) establish- 
ment, sometimes given, is the average interval on days of full or new moon, and 
approximates the mean high water lunitidal interval. 

In the ocean, the tide may be of the nature of a progressive wave with the crest 
moving forward, a stationary or standing wave which oscillates in a seesaw fashion, 
or a combination of the two. Consequently, caution should be used in inferring the 
time of tide at a place from tidal data for nearby places. In a river or estuary, the 
tide enters from the sea and is usually sent upstream as a progressive wave, so that 
the tide occurs progressively later at various places upstream. 

3111. Tidal datums.—A tidal datum is a level from which heights and depths 
are measured. There are a number of such levels of reference that are important to 
the mariner. The relation of the tide each day during a month to these datums is 
shown, for certain places, in figure 3106. 

The most important level of reference to the mariner is the datum of soundings 
on charts (art. 511). Since the tide rises and falls continually while soundings are 
being taken during a hydrographic survey, the tide should be observed during the 
survey so that soundings taken at all stages of the tide can be reduced to a common 
chart sounding datum. Soundings on charts show depths below a selected low water 
datum (occasionally mean sea level), and tide predictions in tide tables show heights 
above the same level. The depth of water available at any time is obtained by 
adding the height of the tide at the time in question to the charted depth, or by 
subtracting the predicted height if it is negative. 

By international agreement, the level used as chart datum should be just low 
enough so that low waters do not go far below it. At most places, however, the level 
used is one determined from a mean of a number of low waters (usually over a 19- 
year period); therefore, some low waters can be expected to fall below it. The 
following are some of the datums in general use. 

The highest low water datum in considerable use is mean low water (MLW) 
which is the average height of all low waters at a place. About half of the low 
waters fall below it. Mean low water springs (MLWS), usually shortened to low 
water springs, is the average level of the low waters that occur at the times of 
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spring tides. Mean lower low water (MLLW) is the average height of the lower low 
waters of each tidal day. Tropic lower low water (TeLLW) is the average height of 
the lower low waters (or of the single daily low waters if the tide becomes diurnal) 
that occur when the moon is near maximum declination and the diurnal effect is 
most pronounced. This datum is not in common use as a tidal reference. Indian 
spring low water (ISLW) sometimes called Indian tide plane or harmonic tide 
plane, is a low water datum that includes the spring effect of the semi-diurnal 
portion of the tide and the tropic effect of the diurnal portion. It is about the level 
of lower low water of mixed tides at the time that the moon’s maximum declination 
coincides with the time of new or full moon. Mean lower low water springs is the 
average level of the lower of the two low waters on the days of spring tides. Some 
still lower datums used on charts are determined from tide observations and some 
are determined arbitrarily and later referred to the tide. Most of them fall close to 
one or the other of the following two datums. Lowest normal low water is a datum 
that approximates the average height of monthly lowest low waters, discarding any 
tides disturbed by storms. Lowest low water is an extremely low datum. It conforms 
generally to the lowest tide observed, or even somewhat lower. Once a tidal datum 
is established, it is sometimes retained for an indefinite period, even though it 
might differ slightly from a better determination from later observations. When 
this occurs, the established datum may be called low water datum, lower low water 
datum, etc. These datums are used in a limited area and primarily for river and 
harbor engineering purposes. Examples are Boston Harbor Low Water Datum and 
Columbia River Lower Low Water Datum. 

In some areas where there is little or no tide, such as the Baltic Sea, mean sea 
level (MSL) is used as chart datum. This is the average height of the surface of the 
sea for all stages of the tide over a 19-year period. This may differ slightly from 
half-tide level, which is the level midway between mean high water and mean low 
water. 

Inconsistencies of terminology are found among charts of different countries 
and between charts issued at different times. For example, the spring effect as 
defined here is a feature of only the semidiurnal tide, yet it is sometimes used 
synonymously with tropic effect to refer to times of increased range of a diurnal 
tide. Such inconsistencies are being reduced through increased international coop- 
eration. 

Large-scale charts usually specify the datum of soundings and may contain a 
tide note giving mean heights of the tide at one or more places on the chart. These 
heights are intended merely as a rough guide to the change in depth to be expected 
under the specified conditions. They should not be used for the prediction of heights 
on any particular day. Such predictions should be obtained from tide tables (arts. 
1203-1206). 

3112. High water datums.—Heights of land features are usually referred on 
nautical charts to a high water datum. The one used on charts of the United States, 
its territories, and possessions, and widely used elsewhere, is mean high water 
(MHW), which is the average height of all high waters over a 19-year period. Any 
other high water datum in use on charts is likely to be higher than this. Other high 
water datums are mean high water springs (MHWS), which is the average level of 
the high waters that occur at the time of spring tides; mean higher high ater 
(MHHW), which is the average height of the higher high waters of each tidal ey 
and tropic higher high water (TcHHW), which is the average height of the higher 
high waters (or the single daily high waters if the tide becomes diurnal) that occur 
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when the moon is near maximum declination and the diurnal effect is most pro- 
nounced. A reference merely to “high water” leaves some doubt as to the specific 
level referred to, for the height of high water varies from day to day. Where the 
range is large, the variation during a 2-week period may be considerable. 

As there are periodic and apparent secular trends in sea level, a specific 19- 
year cycle (the National Tidal Datum Epoch) is issued for all United States datums. 
The National Tidal Datum Epoch officially adopted by the National Ocean Service 
is presently 1941 through 1959. The Epoch will be reviewed for consideration for 
revision at 25-year intervals. 

3113. Observations and predictions.—Since the tide at different places responds 
differently to the tide-producing forces, the nature of the tide at any place can be 
determined most accurately by actual observation. The predictions in tide tables 
and the tidal data on nautical charts are based upon observations. 

Tides are usually observed by means of a continuously recording gage. A year 
of observations is the minimum length desirable for determining the harmonic 
constants used in prediction. For establishing mean sea level and the long-time 
changes in the relative elevations of land and sea, as well as for other special uses, 
observations have been made over periods of 20, 30, and even 120 years at impor- 
tant locations. Observations for a month or less will establish the type of tide and 
suffice for comparison with a longer series of a similar type to determine tidal 
differences and constants. 

Mathematically, the variations in the lunar and solar tide-producing forces, 
such as those due to changing phase, distance, and declination, are considered as 
separate constituent forces, and the harmonic analysis of observations reveals the 
response of each constituent of the tide to its corresponding force. At any one place 
this response remains constant and is shown for each constituent by harmonic 
constants which are in the form of a phase angle for the time relation and an 
amplitude for the height. Harmonic constants are used in making technical studies 
of the tide and predictions on computers and mechanical tide predicting machines. 
Most published tide predictions are made by computer. 

3114. Tide tables are published annually by most of the maritime nations of the 
world. They consist primarily of two parts. One contains predictions of the time and 
height of each high and low water for every day of the year for many important 
ports called reference stations. The other part contains tidal differences and ratios 
for thousands of other places, called subordinate stations, and specifies the refer- 
ence station to which the differences are to be applied in order to obtain time and 
height of tide for any day at the subordinate station. The type of tide at a subordi- 
nate station is the same as at its reference station. The use of tide tables is 
explained in articles 1203-1206. 

3115. Meteorological effects.—The foregoing discussion of tide behavior as- 
sumes normal weather conditions. The level of the sea is affected by wind and 
atmospheric pressure. In general, onshore winds raise the level and offshore winds 
lower it, but the amount of change varies at different places. During periods of low 
atmospheric pressure, the water level tends to be higher than normal. For a 
stationary low, the increase in elevation can be found by the formula 


Ro=0.0325(1010—P), 


in which Ro is the increase in elevation in feet, and P is the atmospheric pressure 
in millibars. This is equal approximately to 1 centimeter per millibar depression, or 
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1 foot (18.6 inches) per inch depression. For a moving low, the increase in elevation 
is given by the formula 


in which RF is the increase in elevation in feet, Ro is the increase in feet for a 
stationary low, C is the rate of motion of the low in feet per second, g is the 
acceleration due to gravity (32.2 feet per second per second), and h is the depth of 
water in feet. 

Where the range of tide is very small, the meteorological effect may sometimes 
be greater than the normal tide. 


Tidal Current 


3116. Tidal and nontidal currents.—Horizontal movement of the water is cur- 
rent. It may be classified as “‘tidal’’ and “nontidal.” Tidal current is the periodic 
horizontal flow of water accompanying the rise and fall of the tide, and results from 
the same cause. Nontidal current is any current not due to the tidal movement. 
Nontidal currents include the permanent currents in the general circulatory system 
of the oceans as well as temporary currents arising from meteorological conditions. 
The current experienced at any time is usually a combination of tidal and nontidal 
currents. 

In navigation, the effect of the tidal current is often of more importance than 
the changing depth due to the tide, and many mariners speak of “the tide,’’ when 
they have in mind the flow of the tidal current... 

3117. General features.—Offshore, where the direction of flow is not restricted 
by any barriers, the tidal current is rotary; that is, it flows continuously, with the 
direction changing through all points of the compass during the tidal period. The 
tendency for the rotation in direction has its origin in the deflecting force of the 
earth’s rotation, and unless modified by local conditions, the change is clockwise in 
the Northern Hemisphere and counterclockwise in the Southern Hemisphere. The 
speed usually varies throughout the tidal cycle, passing through two maximums in 
approximately opposite directions, and two minimums about halfway between the 
maximums in time and direction. Rotary currents can be depicted as in figure 
3117a, by a series of arrows representing the direction and speed of the current at 
each hour. This is sometimes called a current rose. Because of the elliptical pattern 
formed by the ends of the arrows, it is also referred to as a current ellipse. 

In rivers or straits, or where the direction of flow is more or less restricted to 
certain channels, the tidal current is reversing; that is, it flows alternately in 
approximately opposite directions with an instant or short period of little or no 
current, called slack water, at each reversal of the current. During the flow in each 
direction, the speed varies from zero at the time of slack water to a maximum, 
called strength of flood or ebb, about midway between the slacks. Reversing cur- 
rents can be indicated graphically, as in figure 3117b, by arrows that represent the 
speed of the current at each hour. The flood is usually depicted above the slack 
waterline and the ebb below it. The tidal current curve formed by the ends of the 
arrows has the same characteristic sine form as the tide curve. (In illustrations for 
certain purposes, as in figures 3118b and 3120b, it is convenient to omit the arrows 


and show only the curve.) 
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Figure 3117a.—Rotary tidal current. 
Times are hours before and after high 
and low tide at Nantucket Shoals. The 
bearing and length of each arrow rep- 
resents the hourly direction and speed 


2A N68 10 12014" len 18s 20 022 
HOURS 


EBB STRENGTH eA 


ADMIRALTY INLET, PUGET SOUND 


FicurE 3117b.—Reversing tidal cur- 
rent. (Such graphs may show only 
the curved pattern without the 
arrows, as in figures 3118b and 
3120b.) See figure 3120b. 


of the current. See figure 3120a. 


A slight departure from the sine form is exhibited by the reversing current in a 
strait, such as East River, New York, that connects two tidal bodies of water. The 
tides at the two ends of a strait are seldom in phase or equal in range, and the 
current, called hydraulic current, is generated largely by the continuously changing 
difference in height of water at the two ends. The speed of a hydraulic current 
varies nearly as the square root of the difference in height. The speed reaches a 
maximum more quickly and remains at strength for a longer period than shown in 
figure 3117b, and the period of weak current near the time of slack is considerably 
shortened. 

The current direction or set is the direction toward which the current flows. 
The speed is sometimes called the drift. The term “velocity” is often used as the 
equivalent of “speed” when referring to current, although strictly “velocity” implies 
direction as well as speed. The term “strength” is also used to refer to speed, but 
more often to greatest speed between consecutive slack waters. The movement 
toward shore or upstream is the flood, the movement away from shore or down- 
stream is the ebb. In a purely semidiurnal type of current unaffected by nontidal 
flow, the flood and ebb each last about 6 hours and 13 minutes. But if there is 
either diurnal inequality or nontidal flow, the durations of flood and ebb may be 
quite unequal. 

3118. Types of tidal current.—Tidal currents may be of the semidiurnal, diur- 
nal, or mixed type; corresponding to a considerable degree to the type of tide at the 
place, but often with a stronger semidiurnal tendency. 

The tidal currents in tidal estuaries along the Atlantic coast of the United 
States are examples of the semidiurnal type of reversing current. At Mobile Bay 
entrance they are almost purely diurnal. At most places, however, the type is mixed 
to a greater or lesser degree. At Tampa and Galveston entrances there is only one 
flood and one ebb each day when the moon is near its maximum declination, and 
two floods and two ebbs each day when the moon is near the equator. Along the 
Pacific coast of the United States there are generally two floods and two ebbs every 
day, but one of the floods or ebbs has a greater speed and longer duration than the 
other, the inequality varying with the declination of the moon. The inequalities in 
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the current often differ considerably from place to place even within limited areas, 
such as adjacent passages in Puget Sound and various passages between the Aleu- 
tian Islands. Figure 3118a shows several types of reversing current. Figure 3118b 
shows how the flood disappears as the diurnal inequality increases at one station. 

Offshore rotary currents that are purely semidiurnal repeat the elliptical pat- 
tern (fig. 3117a) each tidal cycle of 12 hours and 25 minutes. If there is considerable 
diurnal inequality, the plotted hourly current arrows describe a set of two ellipses 
of different sizes during a period of 24 hours and 50 minutes, as shown in figure 
3118c, and the greater the diurnal inequality, the greater the difference between 
the sizes of the two ellipses. In a completely diurnal rotary current, the smaller 
ellipse disappears and only one ellipse is produced in 24 hours and 50 minutes. 
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reversing current. The pattern changes gradually from day to day, 
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IS Te ee rake ie tae passing through cycles somewhat similar to that shown for tides in 


particularly for mixed types, 
figure 3106. 


3119. Variations and cycles.—Tidal currents have periods and cycles similar to 
those of the tides (art. 3109) and are subject to similar variations, but flood and ebb 
of the current do not necessarily occur at the same times as the rise and fall of the 


tide. The relationship is explained further in article 3121. 
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Ficure 3118b.—Changes in a current of the mixed type. Note that each day as the inequality increases, 
the morning slacks draw together in time until on the 17th the morning flood disappears. On that 
day the current ebbs throughout the morning. 
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Figure 3118c.—Rotary tidal current with diurnal inequality. Times are in hours referred to tides (higher 
high, lower low, lower high, and higher low) at Swiftsure Bank. 


The speed at strength increases and decreases during the 2-week period, month, 
and year with the variations in the range of tide. Thus, the stronger spring and 
perigean currents occur near the times of new and full moon and near the times of 
the moon’s perigee, or at times of spring and perigean tides (art. 3108); the weaker 
neap and apogean currents occur at the times of neap and apogean tides; tropic 
currents with increased diurnal speeds or with larger diurnal inequalities in speed 
occur at times of tropic tides; and equatorial currents with a minimum diurnal 
effect occur at times of equatorial tides; etc. 

As with the tide, a mean value represents an average obtained from a 19-year 
series. Since a series of current observations is usually limited to a few days, and 
seldom covers more than a month or two, it is necessary to adjust the observed 
values, usually by comparison with tides at a nearby place, to obtain such a mean. 

3120. Effect of nontidal flow.—The current existing at any time is seldom 
purely tidal, but usually includes also a nontidal current that is due to drainage, 
oceanic circulation, wind, or other cause. The method in which tidal and nontidal 
currents combine is best explained graphically, as in figures 3120a and 3120b. The 
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pattern of the tidal current remains unchanged, but the curve is shifted from the 
point or line from which the currents are measured in the direction of the nontidal 
current and by an amount equal to it. It is sometimes more convenient graphically 
merely to move the line or point of origin in the opposite direction. 
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Ficure 3120a.—Effect of nontidal cur- 


rent on the rotary tidal current of 
figure 3117a. If the nontidal current 
is northwest at 0.3 knot, it may be 
represented by BO, and all hourly 
directions and speeds will then be 
measured from B. If it is 1.0 knot, it 
will be represented by AO and the 
actual resultant hourly directions 
and speeds will be measured from 
A, as shown by the arrows. 
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Figure 3120b.—Effect of nontidal cur- 


rent on the reversing tidal current 
of figure 3117b. If the nontidal cur- 
rent is 0.5 knot in the ebb direction, 
the ebb is increased by moving the 
slack water line from position A up 
0.5 knot to position B. Speeds will 
then be measured from this broken 
line as shown by the scale on the 
right, and times of slack are 
changed. If the nontidal current is 


1.0 knot in the ebb direction, as 
shown by line C, the speeds are as 
shown on the left, and the current 
will not reverse to a flood in the 
afternoon; it will merely slacken at 
about 1500. 


Thus, the speed of the current flowing in the direction of the nontidal current 
is increased by an amount equal to the magnitude of the nontidal current, and the 
speed of the current flowing in the opposite direction is decreased by an equal 
amount. In figure 3120a, a nontidal current is represented both in direction and 
speed by the vector AO. Since this is greater than the speed of the tidal current in 
the opposite direction, the point A is outside the ellipse. The direction and speed of 
the combined tidal and nontidal currents at any time is represented by a vector 
from A to that point on the curve representing the given time, and can be scaled 
from the graph. The strongest and weakest currents may no longer be in the 
directions of the maximum and minimum of the tidal current. In a reversing 
current (fig. 3120b), the effect is to advance the time of one slack and to retard the 
following one. If the speed of the nontidal current exceeds that of the reversing 
tidal current, the resultant current flows continuously in one direction without 
coming to a slack. In this case, the speed varies from a maximum to a minimum 
and back to a maximum in each tidal cycle. In figure 3120b, the horizontal line A 
represents slack water if only tidal currents are present. Line B represents the 
effect of a 0.5-knot nontidal ebb, and line C the effect of a 1.0-knot nontidal ebb. 
With the condition shown at C there is only one flood each tidal day. If the nontidal 
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ebb were to increase to approximately 2 knots, there would be no flood, two 
maximum ebbs and two minimum ebbs occurring during a tidal day. 

3121. Relation between time of tidal current and time of tide.—At many places 
where current and tide are both semidiurnal, there is a definite relation between 
times of current and times of high and low water in the locality. Current atlases 
and notes on nautical charts often make use of this relationship by presenting for 
particular locations the direction and speed of the current at each succeeding hour 
after high and low water at a place for which tide predictions are available. 

In localities where there is considerable diurnal inequality in tide or current, or 
where the type of current differs from the type of tide, the relationship is not 
constant, and it may be hazardous to try to predict the times of current from times 
of tide. Note the current curve for Unimak Pass in the Aleutians in figure 3118a. It 
shows the current as predicted in the tidal current tables. Predictions of high and 
low waters in the tide tables might have led one to expect the current to change 
from flood to ebb in the late morning, whereas actually the current continued to 
run flood with some strength at that time. . 

Since the relationship between times of tidal current and tide is not every- 
where the same, and may be variable at the same place, one should exercise 
extreme caution in using general rules. The belief that slacks occur at local high 
and low tides and that the maximum flood and ebb occur when the tide is rising or 
falling most rapidly may be approximately true at the seaward entrance to, and in 
the upper reaches of, an inland tidal waterway. But generally this is not true in 
other parts of inland waterways. When an inland waterway is extensive or its 
entrance constricted, the slacks in some parts of the waterway often occur midway 
between the times of high and low tide. Usually in such waterways the relationship 
changes from place to place as one progresses upstream, slack water getting pro- 
gressively closer in time to the local tide maximum until at the head of tidewater 
(the inland limit of water affected by a tide) the slacks occur at about the times of 
high and low tide. 

3122. Relation between speed of current and range of tide.—The variation in 
the speed of the tidal current from place to place is not necessarily consistent with 
the range of tide. It may be the reverse. For example, currents are weak in the Gulf 
of Maine where the tides are large, and strong near Nantucket Island and in 
Nantucket Sound where the tides are small. 

At any one place, however, the speed of the current at strength of flood and ebb 
varies during the month in about the same proportion as the range of tide, and one 
can use this relationship to determine the relative strength of currents on any day. 

3123. Variation across an estuary.—In inland tidal waterways the time of tidal 
current varies across the channel from shore to shore. On the average, the current 
turns earlier near shore than in midstream, where the speed is greater. Differences 
of half an hour to an hour are not uncommon, but the difference varies and the 
relationship may be nullified by the effect of nontidal flow. 

The speed of the current also varies across the channel, usually being greater in 
midstream or midchannel than near shore, but in a winding river or channel the 
strongest currents occur near the concave shore. Near the opposite (convex) shore 
the currents are weak or may eddy. 

3124. Variation with depth.—In tidal rivers the subsurface current acting on 
the lower portion of the hull may differ considerably from the surface current. An 
appreciable subsurface current may be present when the surface movement appears 
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to be practically slack, and the subsurface current may even be flowing with 
appreciable speed in the opposite direction to the surface current. 

In a tidal estuary, particularly in the lower reaches where there is considerable 
difference in density from top to bottom, flood usually begins earlier near the 
bottom than at the surface. The differences may be an hour or two or as little as a 
few minutes, depending upon the estuary, the location in the estuary, and freshet 
conditions. Even when the freshwater runoff becomes so great as to prevent the 
surface current from flooding, it may still flood below the surface. The difference in 
time of ebb from surface to bottom is normally small but subject to variation with 
time and location. 

The ebb speed at strength usually decreases gradually from top to bottom, but 
the speed of flood at strength often is stronger at subsurface depths than at the 
surface. 

3125. Observations.—Observations of the current are made by means of a 
current meter or current pole and log line. In the past, most successful meters 
required a vessel and observers in continual attendance, as is necessary with the 
pole and line. Because of the difficulty and expense of such observations, they 
usually covered only a period of a day or two at a place. Observations of a month 
are the exception, and longer series were obtained only where ship and observers 
were available because of other duties, such as at lightships, where observations 
have been continued over a number of years. 

Newer meters have been and are being developed that are suspended from a 
buoy and that record either in the buoy or send speed and direction impulses by 
radio to a base station on ship or land. With them, the period of observation has 
been increased so that in some recent surveys of United States harbors, the mini- 
mum period of observation was 1 week, with observations at several stations being 
continued over a period of 1 to 6 months. 

3126. Tidal current tables and other sources of information.—The navigator 
should not attempt to predict currents without specific information for the locality 
in which he is interested. Such information is contained in various forms in many 
navigational publications. 

Tidal current tables, issued annually, list daily predictions of the times and 
strengths of flood and ebb currents, and of the times of intervening slacks or 
minima. Due to lack of observational data, coverage is considerably more limited 
than for the tides. The tidal current tables do include supplemental data by which 
tidal current predictions can be determined for many places in addition to those for 
which daily predictions are given. The predictions are made by computers, using 
current harmonic constants that are obtained by analyzing current observations in 
the same manner as for tides (art. 3113). The use of tidal current tables is explained 
in articles 1207-1210. 

Sailing directions and coast pilots issued by maritime nations include general 
descriptions of current behavior in various localities throughout the world. 

Tidal current charts. A number of important harbors and waterways are cov- 
ered by sets of tidal current charts showing graphically the hourly current move- 
ment. 

Tidal Current Diagrams are a series of monthly diagrams used with the tidal 
current charts. The diagrams directly indicate the chart to use and the speed 
correction factor to apply to each chart. 

The use of tables and charts for tide and current predictions is discussed in 


chapter XII. 
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CHAPTER XXXII 


OCEAN CURRENTS 


3201. Introduction.—The movement of water comprising the oceans is one of 
the principal sources of discrepancy between dead reckoning and actual positions of 
vessels. Water in essentially horizontal motion is called a current, the direction 
toward which it moves being the set, and its speed the drift. A well-defined current 
extending over a considerable region of the ocean is called an ocean current. 

A periodic current is one the speed or direction of which changes cyclically at 
somewhat regular intervals, as a tidal current. A seasonal current is one which has 
large changes in speed or direction due to seasonal winds. A permanent current is 
one which experiences relatively little periodic or seasonal change. 

A coastal current flows roughly parallel to a coast, outside the surf zone, while 
a longshore current is one parallel to a shore, inside the surf zone, and generated 
by waves striking the beach at an angle. Any current some distance from the shore 
may be called an offshore current, and one close to the shore an inshore current. 

A surface current is one present at the surface, particularly one that does not 
extend more than a relatively few feet below the surface. A subsurface current is 
one which is present below the surface only. 

There is evidence to indicate that the strongest ocean currents consist of 
relatively narrow, high-speed streams that follow winding, shifting courses. Often 
associated with these currents are secondary countercurrents flowing adjacent to 
them but in the opposite direction, and somewhat local, roughly circular, eddy 
currents. A relatively narrow, deep, fast-moving current is sometimes called a 
stream current, and a broad, shallow, slow-moving one a drift current. 

3202. Causes of ocean currents.—Although man’s knowledge of the processes 
which produce and maintain ocean currents is far from complete, he does have a 
general understanding of the principal factors involved. The primary generating 
forces are wind and the density differences in the water. In addition, such factors as 
depth of water, underwater topography, shape of the basin in which the current is 
running, extent and location of land, and deflection by the rotation of the earth all 
affect the oceanic circulation. 

3203. Wind currents.—The stress of wind blowing across the sea causes the 
surface layer of water to move. This motion is transmitted to each succeeding layer 
below the surface, but due to internal friction within the water, the rate of motion 
decreases with depth. The current is called Ekman wind current or simply wind 
current. Although there are many variables, it is generally true that a steady wind 
for about 12 hours is needed to establish such a current. 

A wind-driven current does not flow in the direction of the wind, being deflect- 
ed by Coriolis force (art. 3803), due to rotation of the earth. This deflection is toward 
the right in the Northern Hemisphere, and toward the Jeft in the Southern Hemi- 
sphere. The Coriolis force is greater in higher latitudes, and is more effective in 
deep water. In general, the difference between wind direction and surface wind- 
current direction varies from about 15° along shallow coastal areas to a maximum 
of 45° in the deep oceans. As the motion is transmitted to successive deeper layers, 
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the Coriolis force continues to deflect the current. At several hundred fathoms the 
current may flow in the opposite direction to the surface current. This shift of 
current directions with depth combined with the decrease in velocity with depth is 
called the Ekman spiral. 

The speed of the current depends upon the speed of the wind, its constancy, the 
length of time it has blown, and other factors. In general, however, about 2 percent 
of the wind speed, or a little less, is a good average for deep water where the wind 
has been blowing steadily for at least 12 hours. 

3204. Currents related to density differences.—As indicated in article 3009, the 
density of water varies with salinity, temperature, and pressure. At any given 
depth, the differences in density are due to differences in temperature and salinity. 
When suitable information is available, a map showing geographical density distri- 
bution at a certain depth could be drawn, with lines connecting points of equal 
density. These isopycnic lines, or lines connecting points at which a given density 
occurs at the same depth, would be similar to isobars on a weather map (art. 3826), 
end would serve an analogous purpose, showing areas of high density and those of 
low density. In an area of high density, the water surface is lower than in an area 
of low density, the maximum difference in height being of the order of 1 to 2 feet in 
40 miles. Because of this difference, water tends to flow from an area of higher 
water (low density) to one of lower water (high density), but due to rotation of the 
earth, it is deflected toward the right in the Northern Hemisphere, and toward the 
left in the Southern Hemisphere. Thus, a circulation is set up similar to the 
cyclonic and anticyclonic circulation in the atmosphere. The greater the density 
gradient (rate of change with distance), the faster the related current. 

3205. Oceanic circulation.—A number of ocean currents flow with great per- 
sistence, setting up a circulation that continues with relatively little change 
throughout the year. Because of the influence of wind in creating current (art. 
3203), there is a relationship between this oceanic circulation and the general 
circulation of the atmosphere (art. 3803). The oceanic circulation is shown in figure 
3205, with the names of the major ocean currents. Some differences in opinion exist 
regarding the names and limits of some of the currents, but those shown are 
representative. The spacing of the lines is a general indication of speed, but condi- 
tions vary somewhat with the season. This is particularly noticeable in the Indian 
Ocean and along the South China coast, where currents are influenced to a marked 
degree by the monsoons (art. 3809). 

3206. Atlantic Ocean currents.—The trade winds (art. 3805), which blow with 
great persistence, set up a system of equatorial currents which at times extends 
over as much as 50° of latitude, or even more. There are two westerly flowing 
currents conforming generally with the areas of trade winds, separated by a 
weaker, easterly flowing countercurrent. 

The North Equatorial Current originates to the northward of the Cape Verde 
Islands and flows almost due west at an average speed of about 0.7 knot. 

The South Equatorial Current is more extensive. It starts off the west coast of 
Africa, south of the Gulf of Guinea, and flows in a generally westerly direction at 
an average speed of about 0.6 knot. However, the speed gradually increases until it 
may reach a value of 2.5 knots or more off the east coast of South America. As the 
current approaches Cabo de Sao Roque, the eastern extremity of South America, it 
divides, the southern part curving toward the south along the coast of Brazil, and 
the northern part being deflected by the continent of South America toward the 
north. 
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Between the North and South Equatorial Currents a weaker Equatorial Coun- 
tercurrent sets toward the east in the general vicinity of the doldrums (art. 3804). 
This is fed by water from the two westerly flowing equatorial currents, particularly 
the South Equatorial Current. The extent and strength of the Equatorial Counter- 
current changes with the seasonal variations of the wind. It reaches a maximum 
during July and August, when it extends from about 50° west longitude to the Gulf 
of Guinea. During its minimum, in December and January, it is of very limited 
extent, the western portion disappearing altogether. 

That part of the South Equatorial Current flowing along the northern coast of 
South America which does not feed the Equatorial Countercurrent unites with the 
North Equatorial Current at a point west of the Equatorial Countercurrent. A large 
part of the combined current flows through various passages between the Wind- 
ward Islands, into the Caribbean Sea. It sets toward the west, and then somewhat 
north of west, finally arriving off the Yucatan peninsula. From there, some of the 
water curves toward the right, flowing some distance off the shore of the Gulf of 
Mexico, and part of it curves more sharply toward the east and flows directly 
toward the north coast of Cuba. These two parts reunite in the Straits of Florida to 
form the most remarkable of all ocean currents, the Gulf Stream. Off the southeast 
coast of Florida this current is augmented by a current flowing along the northern 
coasts of Puerto Rico, Hispaniola, and Cuba. Another current flowing eastward of 
the Bahamas joins the stream north of these islands. 

The Gulf Stream follows generally along the east coast of North America, 
flowing around Florida, northward and then northeastward toward Cape Hatteras, 
and then curving toward the east and becoming broader and slower. After passing 
the Grand Banks, it turns more toward the north and becomes a broad drift current 
flowing across the North Atlantic. That part in the Straits of Florida is sometimes 
called the Florida Current. 

A tremendous volume of water flows northward in the Gulf Stream. It can be 
distinguished by its deep indigo-blue color, which contrasts sharply with the dull 
green of the surrounding water. It is accompanied by frequent squalls. When the 
Gulf Stream encounters the cold water of the Labrador Current, principally in the 
vicinity of the Grand Banks, there is little mixing of the waters. Instead, the 
junction is marked by a sharp change in temperature. The line or surface along 
which this occurs is called the cold wall. When the warm Gulf Stream water 
encounters cold air, evaporation is so rapid that the rising vapor may be visible as 
frost smoke (art. 3814). The stream carries large quantities of gulfweed from the 
Tropics to higher latitudes. 

Recent investigations have shown that the current itself is much narrower and 
faster than previously supposed, and considerably more variable in its position and 
speed. The maximum current off Florida ranges from about 2 to 4 knots. To the 
northward the speed is generally less, and decreases further after the current 
passes Cape Hatteras. As the stream meanders and shifts position, eddies some- 
times break off and continue as separate, circular flows until they dissipate. Boats 
in the Bermuda Race have been known to be within sight of each other and be 
carried in opposite directions by different parts of the same current. As the current 
shifts position, its extent does not always coincide with the area of warm, blue 
water. When the sea is relatively smooth, the edges of the current are marked by 
ripples. 

Information is not yet available to permit prediction of the position and speed 
of the current at any future time, but it has been found that tidal forces apparently 


OCEAN CURRENTS 819 


influence the current, which reaches its daily maximum speed about 3 hours after 
transit of the moon. The current generally is faster at the time of neap tides than 
at spring tides. When the moon is over the equator, the stream is narrower and 
faster than at maximum northerly or southerly declination. Variations in the trade 
winds (art. 3805) also affect the current. 

As the Gulf Stream continues eastward and northeastward beyond the Grand 
Banks, it gradually widens and decreases speed until it becomes a vast, slow-moving 
current known as the North Atlantic Current, in the general vicinity of the prevail- 
ing westerlies (art. 3807). In the eastern part of the Atlantic it divides into the 
Northeast Drift Current and the Southeast Drift Current. 

The Northeast Drift Current continues in a generally northeasterly direction 
toward the Norwegian Sea. As it does so, it continues to widen and decrease speed. 
South of Iceland it branches to form the Irminger Current and the Norway Cur- 
rent. The Irminger Current curves toward the north and northwest to join the East 
Greenland Current southwest of Iceland. The Norway Current continues in a north- 
easterly direction along the coast of Norway. Part of it, the North Cape Current, 
rounds North Cape into the Barents Sea. The other part curves toward the north 
and becomes known as the Spitsbergen Current. Before reaching Svalbard (Spits- 
bergen), it curves toward the west and joins the cold East Greenland Current 
flowing southward in the Greenland Sea. As this current flows past Iceland, it is 
further augmented by the Irminger Current. 

Off Kap Farvel, at the southern tip of Greenland, the East Greenland Current 
curves sharply to the northwest following the coastline. As it does so, it becomes 
known as the West Greenland Current. This current continues along the west coast 
of Greenland, through Davis Strait, and into Baffin Bay. Both East and West 
Greenland Currents are sometimes known by the single name Greenland Current. 

In Baffin Bay the Greenland Current generally follows the coast, curving 
westward off Kap York to form the southerly flowing Labrador Current. This cold 
current flows southward off the coast of Baffin Island, through Davis Strait, along 
the coast of Labrador and Newfoundland, to the Grand Banks, carrying with it 
large quantities of ice (ch. XXXVI). Here it encounters the warm water of the Gulf 
Stream, creating the cold wall. Some of the cold water flows southward along the 
east coast of North America, inshore of the Gulf Stream, as far as Cape Hatteras. 
The remainder curves toward the east and flows along the northern edge of the 
North Atlantic and Northeast Drift Currents, gradually merging with them. 

The Southeast Drift Current curves toward the east, southeast, and then south 
as it is deflected by the coast of Europe. It flows past the Bay of Biscay, toward 
southeastern Europe and the Canary Islands, where it continues as the Canary 
Current. In the vicinity of the Cape Verde Islands, this current divides, part of it 
curving toward the west to help form the North Equatorial Current, and part of it 
curving toward the east to follow the coast of Africa into the Gulf of Guinea, where 
it is known as the Guinea Current. This current is augmented by the Equatorial 
Countercurrent and, in summer, it is strengthened by monsoon winds. It flows in 
close proximity to the South Equatorial Current, but in the opposite direction. As it 
curves toward the south, still following the African coast, it merges with the South 
Equatorial Current. 

The clockwise circulation of the North Atlantic leaves a large central area 
having no well-defined currents. This area is known as the Sargasso Sea, from the 
large quantities of sargasso or gulfweed encountered there. 
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That branch of the South Equatorial Current which curves toward the south off 
the east coast of South America follows the coast as the warm, highly-saline Brazil 
Current, which in some respects resembles the Gulf Stream. Off Uruguay, it en- 
counters the colder, less-salty Falkland Current and the two curve toward the east 
to form the broad, slow-moving, South Atlantic Current, in the general vicinity of 
the prevailing westerlies (art. 3807). This current flows eastward to a point west of 
the Cape of Good Hope, where it curves northward to follow the west coast of Africa 
as the strong Benguela Current, augmented somewhat by part of the Agulhas 
Current flowing around the southern part of Africa from the Indian Ocean. As it 
continues northward, the current gradually widens and slows. At a point east of St. 
Helena Island it curves westward to continue as part of the South Equatorial 
Current, thus completing the counterclockwise circulation of the South Atlantic. 
The Benguela Current is augmented somewhat by the West Wind Drift, a current 
which flows easterly around Antarctica. As the West Wind Drift flows past Cape 
Horn, that part in the immediate vicinity of the cape is called the Cape Horn 
Current. This current rounds the cape and flows in a northerly and northeasterly 
direction along the coast of South America as the Falkland Current. 

3207. Pacific Ocean currents follow the general pattern of those in the Atlan- 
tic. The North Equatorial Current flows westward in the general area of the 
northeast trades, and the South Equatorial Current follows a similar path in the 
region of the southeast trades. Between these two, the weaker Equatorial Counter- 
current sets toward the east, just north of the equator. 

After passing the Mariana Islands, the major part of the North Equatorial 
Current curves somewhat toward the northwest, past the Philippines and Taiwan. 
Here it is deflected further toward the north, where it becomes known as the 
Kuroshio, and then toward the northeast past the Nansei Shoto and Japan, and on 
in a more easterly direction. Part of the Kuroshio, called the Tsushima Current, 
flows through Tsushima Strait, between Japan and Korea, and the Sea of Japan, 
following generally the northwest coast of Japan. North of Japan it curves eastward 
and then southeastward to rejoin the main part of the Kuroshio. The limits and 
volume of the Kuroshio are influenced by the monsoons (art. 3809), being augment- 
ed during the season of southwesterly winds, and diminished when the northeaster- 
ly winds are prevalent. 

The Kuroshio (Japanese for “Black Stream”) is so named because of the dark 
color of its water. It is sometimes called the Japan Current. In many respects it is 
similar to the Gulf Stream of the Atlantic. Like that current, it carries large 
quantities of warm tropical water to higher latitudes, and then curves toward the 
east as a major part of the general clockwise circulation in the Northern Hemi- 
sphere. As it does so, it widens and slows. A small part of it curves to the right to 
form a weak clockwise circulation west of the Hawaiian Islands. The major portion 
continues on between the Aleutians and the Hawaiian Islands, where it becomes 
known as the North Pacific Current. 

As this current approaches the North American continent, most of it is deflect- 
ed toward the right to form a clockwise circulation between the west coast of North 
America and the Hawaiian Islands. This part of the current has become so broad 
that the circulation is generally weak. A small part near the coast, however, joins 
the southern branch of the Aleutian Current, and flows southeastward as the 
California Current. The average speed of this current is about 0.8 knot. It is ~ 
strongest near land. Near the southern end of Baja (Lower) California, this current 
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curves sharply to the west and broadens to form the major portion of the North 
Equatorial Current. 

During the winter, a weak countercurrent flows northwestward along the west 
coast of North America from southern California to Vancouver Island, inshore of 
the southeasterly flowing California Current. This is called the Davidson Current. 

Off the west coast of Mexico, south of Baja California, the current flows 
southeastward, as a continuation of part of the California Current, during the 
winter. During the summer, the current in this area is northwestward, as a con- 
tinuation of the Equatorial Countercurrent, before it turns westward to help form 
the North Equatorial Current. 

As in the Atlantic, there is in the Pacific a counterclockwise circulation to the 
north of the clockwise circulation. Cold water flowing southward through the west- 
ern part of Bering Strait between Alaska and Siberia is joined by water circulating 
counterclockwise in the Bering Sea to form the Oyashio. As the current leaves the 
strait, it curves toward the right and flows southwesterly along the coast of Siberia 
and the Kuril Islands. This current brings quantities of sea ice, but no icebergs. 
When it encounters the Kuroshio, the Oyashio curves southward and then east- 
ward, the greater portion joining the Kuroshio and North Pacific Current. The 
northern portion continues eastward to join the curving Aleutian Current. 

As this current approaches the west coast of North America, west of Vancouver 
Island, part of it curves toward the right and is joined by water from the North 
Pacific Current, to form the California Current. The northern branch of the Aleu- 
tian Current curves in a counterclockwise direction to form the Alaska Current, 
which generally follows the coast of Canada and Alaska. When it arrives off the 
Aleutian Islands, it becomes known as the Aleutian Current. Part of it flows along 
the southern side of these islands to about the 180th meridian, where it curves in a 
counterclockwise direction and becomes an easterly flowing current, being augment- 
ed by the northern part of the Oyashio. The other part of the Aleutian Current 
flows through various openings between the Aleutian Islands, into the Bering Sea. 
Here it flows in a general counterclockwise direction, most of it finally joining the 
southerly flowing Oyashio, and a small part of it flowing northward through the 
eastern side of the Bering Strait, into the Arctic Ocean. 

The South Equatorial Current, extending in width between about 4°N latitude 
and 10°S, flows westward from South America to the western Pacific. After this 
current crosses the 180th meridian, the major part curves in a counterclockwise 
direction, entering the Coral Sea, and then curving more sharply toward the south 
along the east coast of Australia, where it is known as the East Australia Current. 
In the Tasman Sea, northeast of Tasmania, it is augmented by water from the West 
Wind Drift, flowing eastward south of Australia. It curves toward the southeast and 
then the east, gradually merging with the easterly flowing West Wind Drift, a 
broad, slow-moving current that circles Antarctica. 

Near the southern extremity of South ‘America, most of this current flows 
eastward into the Atlantic, but part of it curves toward the left and flows generally 
northward along the west coast of South America as the Peru Current or Humboldt 
Current. Occasionally a set directly toward land is encountered. At about Cabo 
Blanco, where the coast falls away to the right, the current curves toward the left, 
past the Galapagos Islands, where it takes a westerly set and constitutes the major 
portion of the South Equatorial Current, thus completing the counterclockwise 
circulation of the South Pacific. 
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During the northern hemisphere summer, a weak northern branch of the 
South Equatorial Current, known as the Rossel Current, continues on toward the 
west and northwest along both the southern and northeastern coasts of New 
Guinea. The southern part flows through Torres Strait, between New Guinea and 
Australia, into the Arafura Sea. Here, it gradually loses its identity, part of it 
flowing on toward the west as part of the South Equatorial Current of the Indian 
Ocean, and part of it following the coast of Australia and finally joining the 
easterly flowing West Wind Drift. The northern part of the Rossel Current curves 
in a Clockwise direction to help form the Pacific Equatorial Countercurrent. During 
the northern hemisphere winter, the Rossel Current is replaced by an easterly 
flowing current from the Indian Ocean. 

3208. Indian Ocean currents follow generally the pattern of the Atlantic and 
Pacific but with differences caused principally by the monsoons (art. 3809) and the 
more limited extent of water in the Northern Hemisphere. During the northern 
hemisphere winter, the North Equatorial Current and South Equatorial Current 
flow toward the west, with the weaker, easterly flowing Equatorial Countercurrent 
flowing between them, as in the Atlantic and Pacific (but somewhat south of the 
equator). But during the northern hemisphere summer, both the North Equatorial 
Current and the Equatorial Countercurrent are replaced by the Monsoon Current, 
which flows eastward and southeastward across the Arabian Sea and the Bay of 
Bengal. Near Sumatra, this current curves in a clockwise direction and flows 
westward, augmenting the South Equatorial Current and setting up a clockwise 
circulation in the northern part of the Indian Ocean. 

As the South Equatorial Current approaches the coast of Africa, it curves 
toward the southwest, part of it flowing through the Mozambique Channel between 
Madagascar and the mainland, and part flowing along the east coast of Madagas- 
car. At the southern end of this island the two join to form the strong Agulhas 
Current, which is analogous to the Gulf Stream. 

A small part of the Agulhas Current rounds the southern end of Africa and 
helps form the Benguela Current. The major portion, however, curves sharply 
southward and then eastward to join the West Wind Drift. This junction is often 
marked by a broken and confused sea. During the northern hemisphere winter the 
northern part of this current curves in a counterclockwise direction to form the 
West Australia Current, which flows northward along the west coast of Australia. 
As it passes Northwest Cape, it curves northwestward to help form the South 
Equatorial Current. During the northern hemisphere summer, the West Australia 
Current is replaced by a weak current flowing around the western part of Australia 
as an extension of the southern branch of the Rossel Current. 

3209. Polar currents.—The waters of the North Atlantic enter the Arctic Ocean 
between Norway and Svalbard. The currents flow easterly north of Siberia to the 
region of the Novosibirskiye Ostrova, where they turn northerly across the North 
Pole and continue down the Greenland coast to form the East Greenland Current. 
On the American side of the arctic basin, there is a weak, continuous clockwise flow 
centered in the vicinity of 80°N, 150°W. A current north through Bering Strait 
along the American coast is balanced by an outward southerly flow along the 
Siberian coast, which eventually becomes part of the Oyashio. Each of the main 
islands or island groups in the Arctic, as far as is known, seems to have a clockwise 
nearshore circulation around it. The Barents Sea, Kara Sea, and Laptev Sea each 
have a weak counterclockwise circulation. A similar but weaker counterclockwise 
current system appears to exist in the East Siberian Sea. 
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In the Antarctic, the circulation is generally from west to east in a broad, slow- 
moving current extending completely around Antarctica. This is called the West 
Wind Drift, although it is formed partly by the strong westerly wind in this area 
and partly by density differences. This current is augmented by the Brazil and 
Falkland Currents in the Atlantic, the East Australia Current in the Pacific, and 
the Agulhas Current in the Indian Ocean. In return, part of it curves northward to 
form the Cape Horn, Falkland, and most of the Benguela Currents in the Atlantic, 
the Peru Current in the Pacific, and West Australia Current in the Indian Ocean. 

3210. Ocean currents and climate——Many of the ocean currents exert a 
marked influence upon the climate of the coastal regions along which they flow. 
Thus, warm water from the Gulf Stream, continuing as the North Atlantic, North- 
east Drift, and Irminger Currents, arrives off the southwest coast of Iceland, warm- 
ing it to the extent that Reykjavik has a higher average winter temperature than 
New York City, far to the south. Great Britain and Labrador are about the same 
latitude, but the climate of Great Britain is much milder because of the difference 
of temperature of currents. The west coast of the United States is cooled in the 
summer by the California Current, and warmed in the winter by the Davidson 
Current. As a result of this condition, partly, the range of monthly average temper- 
ature is comparatively small. 

Currents exercise other influences besides those on temperature. The pressure 
pattern is affected materially, as air over a cold current contracts as it is cooled, 
and that over a warm current expands. As air cools above a cold ocean current, fog 
is likely to form. Frost smoke (art. 3814) is most prevalent over a warm current 
which flows into a colder region. Evaporation is greater from warm water than 
from cold water. 

In these and other ways, the climate of the earth is closely associated with the 
ocean currents, although other factors, such as topography and prevailing winds, 
are also important. 
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CHAPTER XXXIII 


OCEAN WAVES 


3301. Introduction.—Undulations of the surface of the water, called waves, are 
perhaps the most widely observed phenomenon at sea, and possibly the least under- 
stood by the average seaman. The mariner equipped with a knowledge of the basic 
facts concerning waves is able to use them to his advantage, and either avoid 
hazardous conditions or operate with a minimum of danger if such conditions 
cannot be avoided. 

3302. Causes of waves.—Waves on the surface of the sea are caused principally 
by wind, but other factors, such as submarine earthquakes, volcanic eruptions, and 
the tide, also cause waves. If a breeze of less than 2 knots starts to blow across 
smooth water, small wavelets called ripples form almost instantaneously. When the 
breeze dies, the ripples disappear as suddenly as they formed, the level surface 
being restored by surface tension of the water. If the wind speed exceeds 2 knots, 
more stable gravity waves gradually form, and progress with the wind. 

While the generating wind blows, the resulting waves may be referred to as 
sea. When the wind stops or changes direction, the waves that continue on without 
relation to local winds are called swell. 

Unlike wind and current, waves are not deflected appreciably by the rotation of 
the earth, but move in the direction in which the generating wind blows. When this 
wind ceases, friction and spreading cause the waves to be reduced in height, or 
attenuated, as they move across the surface. However, the reduction takes place so 
slowly that swell continues until it reaches some obstruction, such as a shore. 

The Fleet Numerical Oceanography Center, Monterey, California, produces 
synoptic analyses and predictions of ocean wave heights using a spectral numerical 
model. The wave information consists of heights and directions for different periods 
and wavelengths. The model generates and propagates wave energy. Verification 
has been very good. Information from the model is provided to the U.S. Navy on a 
routine basis and is a vital input to the Optimum Track Ship Routing program (ch. 
XXIV). 

3303. Wave characteristics.—Ocean waves are very nearly in the shape of an 
inverted cycloid, the figure formed by a point inside the rim of a wheel rolling 
along a level surface. This shape is shown in figure 3303a. The highest parts of 
waves are called crests, and the intervening lowest parts, troughs. Since the crests 
are steeper and narrower than the troughs, the mean or still water level is a little 
lower than halfway between the crests and troughs. The vertical distance between 
trough and crest is called wave height, labeled H in figure 3303a. The horizontal 
distance between successive crests, measured in the direction of travel, is called 
wavelength, labeled L. The time interval between passage of successive crests at a 
stationary point is called wave period (P). Wave height, length, and period depend 
upon a number of factors, such as the wind speed, the length of time it has blown, 
and its fetch (the straight distance it has traveled over the surface). Table 3303 
indicates the relationship between wind speed, fetch, length of time the wind blows, — 
wave height, and wave period in deep water. 
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FicurE 3303a.—A typical sea wave. 


If the water is deeper than one-half the wavelength (L), this length in feet is 
theoretically related to period (P) in seconds by the formula 


D_5.12P2 


The actual value has been found to be a little less than this for swell, and about 
two-thirds the length determined by this formula for sea. When the waves leave the 
generating area and continue as free waves, the wavelength and period continue to 
increase, while the height decreases. The rate of change gradually decreases. 

The speed (S) of a free wave in deep water is nearly independent of its height or 
steepness. For swell, its relationship in knots to the period (P) in seconds is given by 
the formula 

5=3.08P: 


The relationship for sea is not known. 

The theoretical relationship between speed, wavelength, and period is shown in 
figure 3303b. As waves continue on beyond the generating area, the period, wave- 
length, and speed remains the same. Because the waves of each period have differ- 
ent speeds they tend to sort themselves by periods as they move away from the 
generating area. The longer period waves move at a greater speed and move ahead. 
At great enough distances from a storm area the waves will have sorted themselves 
into packets based on period. 
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FicurE 3303b.—Relationship between speed, length, and period of waves in deep water, based upon the 
theoretical relationship between period and length. 
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All the waves are attenuated as they propagate but the short period waves 
attenuate faster so that at a long distance from a storm only the longer waves 
remain. 

The time needed for a wave system to travel some distance is double that which 
would be indicated by the speed of individual waves. This is because the front wave 
gradually disappears and transfers its energy to succeeding waves. The process is 
followed by each front wave in succession, at such a rate that the wave system 
advances at a speed which is just half that of individual waves. This process can be 
seen in the bow wave of a vessel. The speed at which the wave system advances is 
called group velocity. 

Because of the existence of many independent wave systems at the same time, 
the sea surface acquires a complex and irregular pattern. Also, since the longer 
waves outrun the shorter ones, the resulting interference adds to the complexity of 
the pattern. The process of interference, illustrated in figure 3303c, is duplicated 
many times in the sea, being the principal reason that successive waves are not of 
the same height. The irregularity of the surface may be further accentuated by the 
presence of wave systems crossing at an angle to each other, producing peak-like 
rises. 
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Ficure 3303c.—Interference. The upper part of A shows two FIGURE 3304.—Orbital motion and 
waves of equal height and nearly equal length traveling in displacement, s, of a particle on 
the same direction. The lower part of A shows the resulting the surface of deep water during 
wave pattern. In B similar information is shown for short two wave periods. 


waves and long swell. 


In reporting average wave heights, the mariner has a tendency to neglect the 
lower ones. It has been found that the reported value is about the average for the 
highest one-third. This is sometimes called the “significant” wave height. The 
approximate relationship between this height and others, is as follows: 


Wave Relative height 
Average 0.64 
Significant 1.00 
Highest 10 percent G29 
Highest 1.87 


3304. Path of water particles in a wave.—As shown in figure 3304, a particle of 
water on the surface of the ocean follows a somewhat circular orbit as a wave 
passes, but moves very little in the direction of motion of the wave. The common 
wave producing this action is called an oscillatory wave. As the crest passes, the 
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particle moves forward, giving the water the appearance of moving with the wave. 
As the trough passes, the motion is in the opposite direction. The radius of the 
circular orbit decreases with depth, approaching zero at a depth equal to about half 
the wavelength. In shallower water the orbits become more elliptical, and in very 
shallow water, as at a beach, the vertical motion disappears almost completely. 

Since the speed is greater at the top of the orbit than at the bottom, the 
particle is not at exactly its original point following passage of a wave, but has 
moved slightly in the direction of motion of the wave. However, since this advance 
is small in relation to the vertical displacement, a floating object is raised and 
lowered by passage of a wave, but moved little from its original position. If this 
were not so, a slow moving vessel might experience considerable difficulty in 
making way against a wave train. In figure 3304 the forward displacement is 
greatly exaggerated. 

3305. Effects of currents on waves.—A following current increases wavelengths 
and decreases wave heights. An opposing current has the opposite effect, decreasing 
the length and increasing the height. A strong opposing current may cause the 
waves to break. The extent of wave alteration is dependent upon the ratio of the 
still-water wave speed to the speed of the current. 

Moderate ocean currents running at oblique angles to wave directions appear to 
have little effect, but strong tidal currents perpendicular to a system of waves have 
been observed to completely destroy them in a short period of time. 

3306. The effect. of ice on waves.—When ice crystals form in seawater, internal 
friction is greatly increased. This results in smoothing of the sea surface. The effect 
of pack ice is even more pronounced. A vessel following a lead through such ice 
may be in smooth water even when a gale is blowing and heavy seas are beating 
against the outer edge of the pack. Hail is also effective in flattening the sea, even 
in a high wind. 

3307. Waves and shallow water.—When a wave encounters shallow water, the 
movement of the individual particles of water is restricted by the bottom, resulting 
in reduced wave speed. In deep water wave speed is a function of period. In shallow 
water, the wave speed becomes a function of depth. The shallower the water the 
slower is the wave speed. As the wave speed slows, the period remains the same so 
the wavelength becomes shorter. Since the energy in the waves remains the same, 
the shortening of wavelengths results in increased heights. This process is called 
shoaling. If the wave approaches the shoal at an angle, each part is slowed succes- 
sively as the depth decreases. This causes a change in direction of motion or 
refraction, the wave tending to become parallel to the depth curves. The effect is 
similar to the refraction of light and other forms of radiant energy (art. 1606). 

As each wave slows, the next wave behind it, in deeper water, tends to catch 
up. As the wavelength decreases, the height generally becomes greater. The lower 
part of a wave, being nearest the bottom, is slowed more than the top. This may 
cause the wave to become unstable, the faster-moving top falling or breaking. Such 
a wave is called a breaker, and a series of breakers, surf. This subject is covered in 
greater detail in chapter XXXIV. 

Swell passing over a shoal but not breaking undergoes a decrease in wave- 
length and speed, and an increase in height. Such ground swell may cause heavy 
rolling if it is on the beam and its period is the same as the period of roll of a 
vessel, even though the sea may appear relatively calm. Figure 3307 illustrates the 
approximate alteration of the characteristics of waves as they cross a shoal. 
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FiGureE 3307.—Alteration of the characteristics of waves as they cross a shoal. 


3308. Energy of waves.—The potential energy of a wave is related to the 
vertical distance of each particle from its still-water position, and therefore moves 
with the wave. In contrast, the kinetic energy of a wave is related to the speed of 
the particles, being distributed evenly along the entire wave. 

The amount of kinetic energy in even a moderate wave is tremendous. A 4-foot, 
10-second wave striking a coast expends more than 35,000 horsepower per mile of 
beach. For each 56 miles of coast, the energy expended equals the power generated 
at Hoover Dam. An increase in temperature of the water in the relatively narrow 
surf zone in which this energy is expended would seem to be indicated, but no 
pronounced increase has been measured. Apparently, any heat that may be gener- 
ated is dissipated to the deeper water beyond the surf zone. 

3309. Wave measurement aboard ship.—With suitable equipment and adequate 
training, one can make reasonably reliable measurements of the height, length, 
period, and speed of waves. However, the mariner’s estimates of height and length 
usually contain relatively large errors. There is a tendency to underestimate the 
heights of low waves, and overestimate the heights of high ones. There are numer- 
ous accounts of waves 75 to 80 feet high, or even higher, although waves more than 
55 feet high are very rare. Wavelength is usually underestimated. The motions of 
the vessel from which measurements are made perhaps contribute to such errors. 

Height. Measurement of wave height is particularly difficult. A microbarograph 
(art. 3705) can be used if the wave is long enough to permit the vessel to ride up 
and down with it. If the waves are approaching from dead ahead or dead astern, 
this requires a wavelength at least twice the length of the vessel. For most accurate 
results the instrument should be placed at the center of roll and pitch, to minimize 
the effects of these motions. Wave height can often be estimated with reasonable 
accuracy by comparing it with freeboard of the vessel. This is less accurate as wave 
height and vessel motion increase. If a point of observation can be found at which 
the top of a wave is in line with the horizon when the observer is in the trough, the 
wave height is equal to height of eye. However, if the vessel is rolling or pitching, 
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this height at the moment of observation may be difficult to determine. The highest 
wave ever reliably reported was 112 feet observed from the USS Ramapo in 1933. 

Length. The dimensions of the vessel can be used to determine wavelength. 
Errors are introduced by perspective and disturbance of the wave pattern by the 
vessel. These errors are minimized if observations are made from maximum height. 
Best results are obtained if the sea is from dead ahead or dead astern. 

Period. If allowance is made for the motion of the vessel, wave period can be 
determined by measuring the interval between passages of wave crests past the 
observer. The correction for the motion of the vessel can be eliminated by timing 
the passage of successive wave crests past a patch of foam or a floating object at 
some distance from the vessel. Accuracy of results can be improved by averaging 
several observations. 

Speed can be determined by timing the passage of the wave between measured 
points along the side of the ship, if corrections are applied for the direction of travel 
of the wave and the speed of the ship. 

The length, period, and speed of waves are interrelated by the relationships 
indicated in article 3303. There is no definite mathematical relationship between 
wave height and length, period, or speed. 

3310. Tsunamis are ocean waves produced by sudden, large-scale motion of a 
portion of the ocean floor or the shore, as by volcanic eruption, earthquake (some- 
times called seaquake if it occurs at sea), or landslide. If they are caused by a 
submarine earthquake, they are usually called seismic sea waves. The point direct- 
ly above the disturbance, at which the waves originate, is called the epicenter. 
Either a tsunami or a storm tide (art. 3311) that overflows the land is popularly 
called a tidal wave, although it bears no relation to the tide. 

If a volcanic eruption occurs below the surface of the sea, the escaping gases 
cause a quantity of water to be pushed upward in the shape of a dome or mound. 
The same effect is caused by the sudden rising of a portion of the bottom. As this 
water settles back, it creates a wave which travels at high speed across the surface 
of the ocean. 

Tsunamis are a series of waves. Near the epicenter, the first wave may be the 
highest. At greater distances, the highest wave usually occurs later in the series, 
commonly between the third and the eighth wave. Following the maximum, they 
again become smaller, but the tsunami may be detectable for several days. 

In deep water the wave height of a tsunami is probably never greater than 2 or 
3 feet. Since the wavelength is usually considerably more than 100 miles, the wave 
is not conspicuous at sea. In the Pacific, where most tsunamis occur, the wave 
period varies between about 15 and 60 minutes, and the speed in deep water is more 
than 400 knots. The approximate speed can be computed by the formula 


S=0.6V gd=3.4V 4d, 


where S is the speed in knots, g is the acceleration due to gravity (32.2 feet per 
second per second), and d is the depth of water in feet. This formula is applicable to 
any wave in water having a depth of less than half the wavelength. For most ocean 
waves it applies only in shallow water, because of the relatively short wavelength. 

When a tsunami enters shoal water, it undergoes the same changes as other 
waves. The formula indicates that speed is proportional to depth of water. Because 
of the great speed of a tsunami when it is in relatively deep water, the slowing is 
relatively much greater than that of an ordinary wave crested by wind. Therefore, 
the increase in height is also much greater. The size of the wave depends upon the 
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nature and intensity of the disturbance. The height and destructiveness of the wave 
arriving at any place depend upon its distance from the epicenter, topography of 
the ocean floor, and the coastline. The angle at which the wave arrives, the shape 
of the coastline, and the topography along the coast and offshore all have their 
effect. The position of the shore is also a factor, as it may be sheltered by interven- 
ing land, or be in a position where waves have a tendency to converge, either 
because of refraction or reflection, or both. 

Tsunamis 50 feet in height or higher have reached the shore, inflicting wide- 
spread damage. On April 1, 1946, seismic sea waves originating at an epicenter near 
the Aleutians spread over the entire Pacific. Scotch Cap Light on Unimak Island, 57 
feet above sea level, was completely destroyed. Traveling at an average speed of 490 
miles per hour, the waves reached the Hawaiian Islands in 4 hours and 34 minutes, 
where they arrived as waves 50 feet above the high water level, and flooded a strip 
of coast more than 1,000 feet wide at some places. They left a death toll of 178, and 
property damage of $25 million. Less destructive waves reached the shores of North 
and South America, and Australia, 6,700 miles from the epicenter. 

After this disaster, a tsunami warning system was set up in the Pacific, even 
though destructive waves are relatively rare (averaging about one in 20 years in the 
Hawaiian Islands). 

In addition to seismic sea waves, earthquakes below the surface of the sea may 
produce a longitudinal wave that travels upward toward the surface, at the speed of 
sound. When a ship encounters such a wave, it is felt as a sudden shock which may 
be of such severity that the crew thinks the vessel has struck bottom. Because of 
such reports, some older charts indicated shoal areas at places where the depth is 
now known to be a thousand fathoms or more. 

3311. Storm tides.—In relatively tideless seas like the Baltic and Mediterrane- 
an, winds cause the chief fluctuations in sea level. Elsewhere, the astronomical tide 
usually masks these variations. However, under exceptional conditions, either 
severe extra-tropical storms or tropical cyclones can produce changes in sea level 
that exceed the norma! range of tide. Low sea level is of little concern except to 
shipping, but a rise above ordinary high-water mark, particularly when it is accom- 
panied by high waves, can result in a catastrophe. 

Although, like tsunamis, these storm tides or storm surges are popularly called 
tidal waves, they are not associated with the tide. They consist of a single wave 
crest and hence have no period or wavelength. 

Three effects in a storm induce a rise in sea level. The first is wind stress on 
the sea surface, which results in a piling-up of water (sometimes called ‘‘wind set- 
up”). The second effect is the convergence of wind-driven currents, which elevates 
the sea surface along the convergence line. In shallow water, bottom friction and 
the effects of local topography cause this elevation to persist and may even intensi- 
fy it. The low atmospheric pressure that accompanies severe storms causes the 
third effect, which is sometimes referred to as the “inverted barometer.” An inch of 
mercury is equivalent to about 13.6 inches of water (art. 3115) and the adjustment 
of the sea surface to the reduced pressure can amount to several feet at equilibrium 
(art. 3912). 

All three of these causes act independently, and if they happen to occur 
simultaneously, their effects are additive. In addition, the wave can be intensified 
or amplified by the effects of local topography. Storm tides may reach heights of 20 
feet or more, and it is estimated that they cause three-fourths of the deaths 


attributed to hurricanes. 
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3312. Standing waves and seiches.—Previous articles in this chapter have dealt 
with progressive waves which appear to move regularly with time. When two 
systems of progressive waves haying the same period travel in opposite directions 
across the same area, a series of standing waves may form. These appear to remain 
stationary. 

Another type of standing wave, called a seiche (sash), sometimes occurs in a 
confined body of water. It is a long wave, usually having its crest at one end of the 
confined space, and its trough at the other. Its period may be anything from a few 
minutes to an hour or more, but somewhat less than the tidal period. Seiches are 
usually attributed to strong winds or differences in atmospheric pressure. 

3313. Tide waves.—As indicated in chapter XXXI, there are, in general, two 
regions of high tide separated by two regions of low tide, and these regions move 
progressively westward around the earth as the moon revolves in its orbit. The high 
tides are the crests of these tide waves, and the low tides are the troughs. The wave 
is not noticeable at sea, but becomes apparent along the coasts, particularly in 
funnel-shaped estuaries. In certain river mouths or estuaries of particular configu- 
ration, the incoming wave of high water overtakes the preceding low tide, resulting 
in a high-crested, roaring wave which progresses upstream in one mighty surge 
called a bore. 

3314. Internal waves.—Thus far, the discussion has been confined to waves on 
the surface of the sea, the boundary between air and water. Internal waves, or 
boundary waves, are created below the surface, at the boundaries between water 
strata of different densities. The density differences between adjacent water strata 
in the sea are considerably less than that between sea and air. Consequently, 
internal waves are much more easily formed than surface waves, and they are often 
much larger. The maximum height of wind waves on the surface is about 60 feet, 
but internal wave heights as great as 300 feet have been encountered. 

Internal waves are detected by a number of observations of the vertical temper- 
ature distribution, using recording devices such as the bathythermograph (art. 
3007). They have periods as short as a few minutes, and as long as 12 or 24 hours, 
these greater periods being associated with the tides. 

A slow-moving ship operating in a freshwater layer having a depth approximat- 
ing the draft of the vessel may produce short-period internal waves. This may occur 
off rivers emptying into the sea or in polar regions in the vicinity of melting ice. 
Under suitable conditions, the normal propulsion energy of the ship is expended in 
generating and maintaining these internal waves and the ship appears to “stick” in 
the water, becoming sluggish and making little headway. The phenomenon, known 
as dead water, disappears when speed is increased by a few knots. 

The full significance of internal waves has not been determined, but it is 
known that they may cause submarines to rise and fall like a ship at the surface, 
and they may also affect sound transmission in the sea. 

3315. Waves and ships.—The effects of waves on a ship vary considerably with 
the type of ship, its course and speed, and the condition of the sea. A short vessel 
has a tendency to ride up one side of a wave and down the other side, while a larger 
vessel may tend to ride through the waves on an even keel. If the waves are of such 
length that the bow and stern of a vessel are alternately in successive crests and 
successive troughs, the vessel is subject to heavy sagging and hogging stresses, and 
under extreme conditions may break in two. A change of heading may reduce the 
danger. Because of the danger from sagging and hogging, a small vessel is some- 
times better able to ride out a storm than a large one. 
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If successive waves strike the side of a vessel at the same phase of successive 
rolls, relatively small waves can cause heavy rolling. The effect is similar to that of 
swinging a child, where the strength of the push is not as important as its timing. 
The same effect, if applied to the bow or stern in time with the pitch, can cause 
heavy pitching. A change of either heading or speed can reduce the effect. 

A wave having a length twice that of a ship places that ship in danger of 
falling off into the trough of the sea, particularly if it is a slow-moving vessel. The 
effect is especially pronounced if the sea is broad on the bow or broad on the 
quarter. An increase of speed reduces the hazard. 

3316. Use of oil for modifying the effects of breaking waves.—Oil has proved 
effective in modifying the effects of breaking waves, and has proved useful to 
vessels at sea, whether making way or stopped, particularly when lowering or 
hoisting boats. Its effect is greatest in deep water, where a small quantity suffices if 
the oil can be made to spread to windward. In shallow water where the water is in 
motion over the bottom, oil is less effective but of some value. 

The heaviest oils, notably animal and vegetable oils, are the most effective. 
Crude petroleum is useful, but its effectiveness can be improved by mixing it with 
animal and vegetable oils. Gasoline or kerosene are of little value. Oil spreads 
slowly. In cold weather it may need some thinning with petroleum to hasten the 
process and produce the desired spread before the vessel is too far away for the 
effect to be useful. 

At sea, best results can be expected if the vessel drifts or runs slowly before the 
wind, with the oil being discharged on both sides from waste pipes or by other 
convenient methods. If a sea anchor is used, oil can be distributed from a container 
inserted within it for this purpose. If such a container is not available, an oil bag 
can be fastened to an endless line rove through a block on the sea anchor. This 
permits distribution of oil to windward, and provides a means for hauling the bag 
aboard for refilling. If another vessel is being towed, the oil should be distributed 
from the towing vessel, forward and on both sides, so that both vessels will be 
benefited. If a drifting vessel is to be approached, the oil might be distributed from 
both sides of the drifting vessel or by the approaching vessel, which should distrib- 
ute it to leeward of the drifting vessel so that the vessel will drift into it. If the 
vessel being approached is aground, the procedure best suiting the circumstances 
should be used. 

If oil is needed in crossing a bar to enter a harbor, it can be floated in ahead of 
the vessel if a flood current is running. A considerable amount may be needed. 
During slack water a hose might be trailed over the bow and oil poured freely 
through it if no more convenient method is available. With an ebb current oil is of 
little use, unless it can be distributed from another vessel or in some other manner 
from the opposite side of the bar. 


CHAPTER XXXIV 


BREAKERS AND SURF 


3401. Introduction.—The purpose of this chapter is to acquaint the navigator 
with the oceanographic factors affecting the safe navigation through the surf zone 
to the beach. 

3402. Refraction.—As explained in article 3307, wave speed is slowed in shallow 
water, causing refraction if the waves approach the beach at an angle. Along a 
perfectly straight beach, with uniform shoaling, the wave fronts tend to become 
parallel to the shore. Any irregularities in the coastline or bottom contours, howev- 
er, affect the refraction, causing irregularity. In the case of a ridge perpendicular to 
the beach, for instance, the shoaling is more rapid, causing greater refraction 
towards the ridge. The waves tend to align themselves with the bottom contours. 
Waves on both sides of the ridge have a component of motion toward the ridge. This 
convergence of wave energy toward the ridge causes an increase in wave or breaker 
height. A submarine canyon or valley perpendicular to the beach, on the other 
hand, produces divergence, with a decrease in wave or breaker height. These effects 
are illustrated in figure 3402. Bends in the coastline have a similar effect, conver- 
gence occurring at a point, and divergence if the coast is concave to the sea. Points 
act as focal areas for wave energy and experience large breakers. Concave bays 


have small breakers because the energy is spread out as the waves approach the 
beach. 
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Figure 3402.—The effect of bottom topography in causing wave convergence and wave divergence. 


Under suitable conditions, currents also cause refraction. This is of particular 
importance at entrances of tidal estuaries. When waves encounter a current 
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running in the opposite direction, they become higher and shorter. This results in a 
choppy sea, often with breakers. When waves move in the same direction as 
current, they decrease in height, and become longer. Refraction occurs when waves 
encounter a current at an angle. 

Refraction diagrams, useful in planning amphibious operations, can be pre- 
pared with the aid of nautical charts or aerial photographs. When computer facili- 
ties are available, complex computer programs are used to determine refraction 
diagrams, quickly and accurately. 

3403. Breakers and surf.—In deep water, swell generally moves across the 
surface as somewhat regular, smooth undulations (ch. XXXIII). When shoal water is 
reached, the wave period remains the same, but the speed decreases. The amount of 
decrease is negligible until the depth of water becomes about one-half the wave- 
length, when the waves begin to “feel” bottom. There is a slight decrease in wave 
height, followed by a rapid increase, if the waves are traveling perpendicular to a 
straight coast with a uniformly sloping bottom. As the waves become higher and 
shorter, they also become steeper, and the crest becomes narrower. When the speed 
of individual particles at the crest becomes greater than that of the wave, the front 
face of the wave becomes steeper than the rear face. This process continues at an 
accelerating rate as the depth of water decreases. At some point the wave may 
become unstable, toppling forward to form a breaker. 

There are three general classes of breakers. A spilling breaker breaks gradual- 
ly over a considerable distance. A plunging breaker tends to curl over and break 
with a single crash. A surging breaker peaks up, but surges up the beach without 
spilling or plunging. It is classed as a breaker even though it does not actually 
break. The type of breaker is determined by the steepness of the beach and the 
steepness of the wave before it reaches shallow water, as illustrated in figure 3403. 

Longer waves break in deeper water, and have a greater breaker height. The 
effect of a steeper beach is also to increase breaker height. The height of breakers is 
less if the waves approach the beach at an acute angle. With a steeper beach slope 
there is greater tendency of the breakers to plunge or surge. Following the uprush 
of water onto a beach after the breaking of a wave, the seaward backrush occurs. 
The returning water is called backwash. It tends to further slow the bottom of a 
wave, thus increasing its tendency to break. This effect is greater as either the 
speed or depth of the backwash increases. The still water depth at the point of 
breaking is approximately 1.3 times the average breaker height. 

Surf varies with both position along the beach and time. A change in position 
often means a change in bottom contour, with the refraction effects discussed in 
article 3402. At the same point, the height and period of waves vary considerably 
from wave to wave. A group of high waves is usually followed by several lower ones. 
Therefore, passage through surf can usually be made most easily immediately 
following a series of higher waves. 

Since surf conditions are directly related to height of the waves approaching a 
beach, and the configuration of the bottom, the state of the surf at any time can be 
predicted if one has the necessary information and knowledge of the principles 
involved. Height of the sea and swell can be predicted from wind data, and informa- 
tion on bottom configuration can generally be obtained from the nautical chart. In 
addition, the area of lightest surf along a beach can be predicted if details of the 


bottom configuration are available. 
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Courtesy of Robert L. Wiegel, Council on Wave Research, University of California. 
FiGuRE 3403.—The three types of breakers. 


3404. Currents in the surf zone.—In and adjacent to the surf zone, currents are 
generated by waves approaching the bottom contours at an angle, and by irregular- 
ities in the bottom. 

Waves approaching at an angle produce a longshore current parallel to the 
beach, within the surf zone. Longshore currents are most common along straight 
beaches. Their speeds increase with increasing breaker height, decreasing wave 
period, increasing angle of breaker line with the beach, and increasing beach slope. 
Speed seldom exceeds 1 knot, but sustained speeds as high as 8 knots have been 


recorded. Longshore currents are usually constant in direction. They increase the 
danger of landing craft broaching to. 
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As explained in article 3402, wave fronts advancing over nonparallel bottom 
contours are refracted to cause convergence or divergence of the energy of the 
waves. Energy concentrations, in areas of convergence, form barriers to the return- 
ing backwash, which is deflected along the beach to areas of less resistance. Back- 
wash accumulates at weak points, and returns seaward in concentrations, forming 
rip currents through the surf. At these points the large volume of returning water 
has a retarding effect upon the incoming waves, thus adding to the condition 
causing the rip current. The waves on one or both sides of the rip, having greater 
energy and not being retarded by the concentration of backwash, advance faster 
and farther up the beach. From here, they move along the beach as feeder currents. 
At some point of low resistance, the water flows seaward through the surf, forming 
the neck of the rip current. Outside the breaker line the current widens and 


slackens, forming the head. The various parts of a rip current are shown in figure 
3404. 
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Ficure 3404.—A rip current (left) and a diagram of its parts (right). 


Rip currents may also be caused by irregularities in the beach face. If a beach 
indentation causes an uprush to advance farther than the average, the backrush is 
delayed and this in turn retards the next incoming foam line (the front of a wave 
as it advances shoreward after breaking) at that point. The foam line on each side 
of the retarded point continues in its advance, however, and tends to fill in the 
retarded area, producing a rip current. 

3405. Beach sediments.—In the surf zone, large amounts of sediment are sus- 
pended in the water. When the water motion decreases, the sediments are deposited 
as sand. The water motion can be either waves or currents. Promontories or points 
are rocky because the large breakers scour the points and small sediments are 
suspended in the water and carried away. Bays have sandy beaches because of the 
small wave conditions. 

In the winter when storms create larger breakers and surf, the waves erode the 
beaches and carry the particles offshore where offshore sand bars form; sandy 
beaches tend to be narrower. In the summer the waves gradually move the sand 
back to the beaches and the offshore sand bars decrease; sandy beaches tend to be 
wider. 

Longshore currents move large amounts of sand along the coast. These currents 
deposit sand on the upcurrent side of a jetty and erode the beach on the downcur- 


rent side. 


CHAPTER XXXV 


SOUND IN THE SEA 


3501. Underwater sound and the navigator.—The clarity with which the noises 
associated with weighing anchor, propelling a ship, and other underwater motions 
are heard below the waterline and near the skin of a vessel is an indication of the 
high sound-transmitting qualities of seawater. Water is a better conductor of sound 
than is air because it absorbs less energy from the sound. There are several ways in 
which underwater sound can be used in navigation. 

The direction of travel of sound waves can be measured either by means of 
binaural hearing (hearing with two “ears’’), or by equipment which has directional 
characteristics similar to those of a directional antenna used in radio (art. 4103). 
Either method can be used for determining the direction from which general noise 
is coming, but only the latter is used in active sonar equipment for determining 
direction and distance by reception of an echo from a directional signal, in a 
manner similar to radar (art. 4201). 

Distance can be determined by (1) measuring the elapsed time between trans- 
mission of a signal and return of its echo, (2) measuring the elapsed time between 
transmission of a signal and its receipt at a second station, (3) measuring the time 
difference between reception of a signal transmitted through water and one trans- 
mitted through air, (4) measuring the difference in phase between two signals or 
change of phase of a signal when it returns as an echo, or (5) measuring the angle 
at which an echo is received from a signal produced at another place. The first 
method is used in active sonar and echo sounding equipment (art. 619). The fourth 
and fifth methods were used in early forms of echo sounders. 

3502. Sources of sound in the ocean.—Underwater sounds intended for naviga- 
tional use are produced in one of three basic ways: (1) by percussion, as the striking 
of a bell, gong, or the bottom of the vessel; (2) by oscillator, as the vibration of a 
diaphragm; (3) by explosion, as by small bomb or depth charge. Certain man-made 
noises ordinarily produced in water, such as those due to operation of the main 
engines of a vessel, can be detected by an appropriate listening device. 

In addition, many noises are made by animals living in the ocean. Certain 
shrimp, great numbers of which inhabit some areas, make a snapping noise with 
their claws. Some fish make a noise by stridulating (scraping). When shellfish are 
being eaten, a sound is emitted as the shells are broken by the teeth of the fish 
which are feeding. Grunting noises are made by many kinds of fish, usually by 
means of their swim bladders. Porpoises produce sounds of a high pitch. Sounds of 
various frequency and amplitude are produced by other forms of marine life. Where 
sound-producing marine life is very abundant, it interferes with detection of man- 
made sounds, requiring a high signal-to-noise ratio. The effect is similar to that of a 
high atmospheric noise level in radio. 

3503. Speed of sound in seawater.—Three variables govern the speed (S) of 
sound in a fluid. They are density (p), compressibility (8), and the ratio between the 
specific heats of the fluid at constant pressure and at constant volume (y). The 
following formula is sufficiently accurate for most navigational purposes: 
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Density and specific heat are discussed in articles 3009 and 38012, respectively. 
Compressibility refers to the relative change in volume for a given change in 
pressure. The compressibility of water is low, and consequently the speed of sound 
in water is high. The specific heat ratio enters the formula because the energy of a 
sound impulse is briefly transformed into heat, and then reconverted (with slight 
loss) into kinetic energy. The ratio rarely exceeds 1.02 in seawater and is commonly 
taken as unity. 

For atmospheric pressure 29.92 inches of mercury, temperature 60°F, and salin- 
ity 34.85 parts per thousand, the density of seawater is 64 pounds per cubic foot and 
the compressibility approximately 0.0000435 per atmosphere (1 atmosphere equals 
14.696 pounds per square inch). Using these values and 32.174 feet per second per 
second (the acceleration of gravity at latitude 45°) and 144 square inches per square 
foot, and taking y equal to unity, one obtains: 


1.032.174 x 14.696 x 144 
S= = 4945 ft./sec. 
64x 0.0000485 


The same formula can be used to determine the speed of sound in air. For 
atmospheric pressure 29.92 and temperature 60°F, the density of air is 0.0764 pound 
per cubic foot and, since air is a gas, the compressibility is the reciprocal of the 
pressure. Taking y equal to 1.4, one obtains: 


1.4 32.174 x 14.696 x 144 
Se —1117 ft./sec. 
0.07641 


The speed of sound in water is approximately 4.5 times its speed in air. 

An increase in temperature decreases both density and compressibility, result- 
ing in an increase in the speed of sound. In seawater, an increase in pressure or 
salinity produces a slight increase in density and a larger decrease in compressibil- 
ity, resulting in a net increase in the speed of sound. Thus, in seawater, an increase 
in temperature, pressure, or salinity results in greater speed of sound. Of the three, 
temperature has the greatest influence on the speed of sound in seawater in the 
upper layers. At depth, pressure, and in coastal areas, changes in salinity, may 
have the greatest effect. 

Normally, the change of these three elements is much more rapid in a vertical 
direction than in a horizontal direction. The change with depth varies with location. 
With respect to temperature, much of the ocean is considered to consist of three 
layers, a mixed layer influenced greatly by the temperature of the air above it, a 
thermocline of rapidly decreasing temperature, and a nearly uniform deep-water 
layer. Typical curves showing change of temperature and salinity with depth are 
shown in figure 3503a. The increase of pressure with depth is almost uniform, the 
pressure at 10,000 feet being approximately twice that at 5,000 feet, and 10 times 
that at 1,000 feet. A typical curve of speed of sound with depth is shown in figure 
3503b. In this case there is little or no mixed layer and the temperature decreases 
rapidly from the surface; therefore, the sound velocity also decreases rapidly. Below 
the range of temperature decrease, the pressure effect becomes the primary factor 
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and sound velocity starts to increase. Note that the minimum sound velocity is at 
2,400 feet. This would be the depth of the deep sound channel. 
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FiGuRE 3503a.—Variation of temperature and salinity with depth at one locality. 


Study of transmission of sound from underwater explosions indicates that near 
the explosion the speed of sound may be somewhat higher than expected, probably 
due to increased pressure caused by the disturbance. This effect extends over such a 
short distance that it is insignificant in ordinary underwater sound transmission. 

3504. Reflection of underwater sound waves.—In water, as in air, sound is 
reflected by obstructions in the form of solid objects or sharp discontinuities. Thus, 
sound is reflected from the bottom, the shore, hulls of ships, the surface of the 
water, etc. It is this reflecting energy that is used in echo sounders (art. 619) to 
determine depth, and in sonar equipment used for echo ranging. 

Reflecting properties of various substances differ markedly. Rock reflects 
almost all of the sound that strikes its surface, while soft mud absorbs or is 
penetrated by sound. Thus, in echo sounding, a layer of soft mud over rock may 
result in two echoes, indicating two depths. 

Fish and even tiny sea animals also reflect sound. As a result, echo sounders 
are widely used among fishermen to locate schools of fish. In deep water it is not 
unusual for an echo sounder to receive an echo from a depth of about 200 fathoms, 
although the depth is shallower somewhat at night. This phantom bottom or deep 
scattering layer, which is undoubtedly the source of many erroneous shoal sounding 
reports, is due to large numbers of tiny marine animals, or other marine life. 
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Ficure 3503b.—Typical variation of speed of sound with depth in the ocean. 


A sharp discontinuity within the water causes reflection of sound. Thus, an 
echo sounder may detect the boundary between a layer of freshwater overlying 
saltwater, a condition which might occur near the mouth of a river. 

Sharp, distinct echoes denoting precise depths are difficult to obtain over 
roughsurfaced bottoms. Therefore, considerable discretion should be exercised in 
evaluating soundings taken over bottoms possessing a high degree of relief. 

3505. Refraction of underwater sound waves.—The laws of refraction as ap- 
plied to light (art. 1609) and radio waves (art. 4006) apply also to sound. Because of 
differences of velocity of sound in seawater, an advancing sound wave is refracted 
toward the area of slower sound velocity. If sound is traveling vertically downward, 
as in echo sounding, the effect of refraction is relatively slight because the layers of 
water in which velocity differs are approximately horizontal, and when the direc- 
tion of travel of the sound is normal to the refracting surface or layer, there is no 
refraction. 

If a sound beam is transmitted outward from a source, it will start at a 
particular sound velocity but the sound velocity will either increase or decrease as 
the beam moves into water of different temperatures, salinity, or pressure. The 
beam will refract toward the region where the sound velocity is slower. In a mixed 
surface layer the temperature is isothermal so the sound velocity increases with 
depth due to the pressure effect. A sound beam in that layer would be refracted 
upward to the surface where it would reflect off the surface. Sound beams can be 
trapped in the mixed layer and create a “surface sound duct.” If a beam penetrates 
below the mixed layer into the thermocline it is in a region where sound velocity 
decreases rapidly with depth due to the temperature decrease. In the thermocline 
sound beams are refracted sharply downward. Sonar ranges can be very short in 
the thermocline layer. This is the region of the “shadow zone.” 
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With typical distribution of sound velocity with depth, as shown in figure 
3503b, sound velocity decreases with depth until a minimum is reached at some 
level below the surface, and below this it increases. In figure 3503b minimum 
velocity occurs at about 2,400 feet. In the Tropics this level of minimum velocity 
may be as deep as 6,000 feet, and in polar regions it may be at the surface. This 
level is referred to as the deep sound channel. Sound produced at any level tends to 
be refracted to the level of minimum speed, and to remain there, for as it attempts 
to leave this level, it is refracted back toward it, as shown in figure 3505. This, of 
course, does not refer to sound traveling vertically. If a sound is produced at this 
level, as by the explosion of a bomb or depth charge, the sound waves start to move 
outward as expanding spheres, but most of the rays are refracted back toward the 
minimum speed level. Because of this effect, such a sound may travel great dis- 
tances with relatively little decrease in intensity. Listening gear placed at this level 
has detected sounds produced thousands of miles away. 


SOUND RAYS 


Se NIM SPEEDY = 
‘ alll aes “| 
PLOSIO 


FicureE 3505.—Transmission of sound rays along the minimum sound level. 


Sound beams that penetrate the deep sound channel without being trapped 
continue on to regions of increased sound velocity. If the water is deep enough these 
beams will be refracted upwards towards the surface. If this occurs, the energy 
converges near the surface at ranges of about 30 nautical miles. This is the conver- 
gence zone. Convergence zone detection is significant in modern sonar applications. 

3506. Attenuation of sound.—As sound is transmitted from a source, the 
energy is lost or attenuated due to reflection, spreading, and absorption. A sound 
beam reflected from the bottom or surface loses energy; although the sound energy 
is concentrated near the source, as the range increases the same energy is spread 
over a sphere whose radius is the range. The rate of absorption is a function of 
frequency; high frequency sound is absorbed more than sound of lower frequency. 


CHAPTER XXXVI 


ICE IN THE SEA 


3601. Ice and the navigator.—Sea ice has posed a problem to the polar naviga- 
tor since antiquity. Pytheas of Massalia (art. 104) sighted a strange substance which 
he described as “neither land nor air nor water” floating upon and covering the 
northern sea over which the summer sun barely set. Pytheas named this lonely 
region Thule, hence Ultima Thule (farthest north or land’s end). Thus began over 
20 centuries of polar exploration. 

Ice is of direct concern to the navigator because it restricts and sometimes 
controls his movements, it affects his dead reckoning by forcing frequent and 
sometimes inaccurately determined changes of course and speed, it affects his 
piloting by altering the appearance or obliterating the features of landmarks and 
by rendering difficult the establishment and maintenance of aids to navigation, it 
affects his use of electronics by its effect upon propagation of radio waves and the 
changes it produces both in surface features and radar returns from such features, 
it affects his celestial navigation by altering the refraction and obscuring his 
horizon and celestial bodies either directly or by the weather it influences, and it 
affects his charts by introducing various difficulties to the hydrographic surveyor. 

Because of his direct concern with ice, the prospective polar navigator will do 
well to acquaint himself with its nature and extent in the area he expects to 
navigate. To this end he should consult the sailing directions for the area, and 
whatever other literature may be available to him, including reports of previous 
operations in the same area. 

3602. Formation of ice.—As it cools, water contracts until the temperature of 
maximum density is reached. Further cooling results in expansion. The maximum 
density of freshwater occurs at a temperature of 4°0C (39°2F), and freezing takes 
place at 0°C (32°F). The addition of salt lowers both the temperature of maximum 
density and, to a lesser extent, that of freezing. The relationships are shown in 
figure 3602. The two lines meet at a salinity of 24.7 parts per thousand, at which 
maximum density occurs at the freezing temperature of —1°3C (29°61F). At this 
and greater salinities, the density increases right down to the freezing point. At a 
salinity of 35 parts per thousand, the approximate average for the oceans, the 
freezing point is —1°88C (28-6F). 

As the density of surface seawater increases with decreasing temperature, 
density currents are induced bringing warmer, less dense water to the surface. If 
the polar seas consisted of water with constant salinity, the entire water column 
would have to be cooled to the freezing point in this manner before ice would begin 
to form. This is not the case, however, in the polar regions where the vertical 
salinity distribution is such that the surface waters are underlaid at shallow depth 
by waters of higher salinity. In this instance density currents form a shallow mixed 
layer which subsequently cannot mix with the deep layer of warmer but saltier 
water. Ice will then begin forming at the water surface when density currents cease 
and the surface water reaches its freezing point. In shoal water, however, the 
mixing process can be sufficient to extend the freezing temperature from the 
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FicurE 3602.—Relationship between temperature of maximum density and freezing point for water of 
varying salinity. 


surface to the bottom. Ice crystals can, therefore, form at any depth in this case. 
Because of their decreased density, they tend to rise to the surface unless they form 
at the bottom and attach themselves there. This ice, called anchor ice, may contin- 
ue to grow as additional ice freezes to that already formed. 

3603. Ice of land origin is formed on land by the freezing of freshwater or the 
compacting of snow as layer upon layer adds to the pressure on that beneath. 

Under great pressure ice becomes slightly plastic and is forced outward and 
downward along an inclined surface. If a large area is relatively flat, as on the 
antarctic plateau, or if the outward flow is obstructed, as on Greenland, an ice cap 
forms and remains winter and summer. The thickness of these ice caps range from 
nearly 1 kilometer on Greenland to as much as 4.5 kilometers on the Antarctic 
Continent. Where ravines or mountain passes permit flow of the ice, a glacier is 
formed. This is a mass of snow and ice which continuously flows to lower levels, 
exhibiting many of the characteristics of rivers of water. The flow may be more 
than 30 meters per day, but is generally much less. When a glacier reaches a 
comparatively level area, it spreads out. When a glacier flows into the sea, the 
buoyant force of the water breaks off pieces from time to time, and these float away 
as icebergs. Icebergs may be described as dome shaped, sloping or pinnacled (fig: 
3608a), tabular (fig. 3603b), glacier, or weathered. 
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FicurE 3603a.—Pinnacled iceberg. 
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Figure 3603b.—A tabular iceberg. 


An iceberg seldom melts uniformly because of lack of uniformity in the ice 
itself, differences in the temperature above and below the waterline, exposure of 
one side to the sun, strains, cracks, mechanical erosion, etc. The inclusion of rocks, 
silt, and other foreign matter further accentuates the differences. As a result, 
changes in equilibrium take place, which may cause the berg to tilt or capsize. 
Parts of it may break off or calve, forming separate smaller bergs. A relatively 
large piece of floating ice generally extending 1 to 5 meters above the sea surface 
and normally about 100 to 300 square meters in area is called a bergy bit. A 
smaller piece of ice but one large enough to inflict serious damage to a vessel is 
called a growler because of the noise it sometimes makes as it bobs up and down in 
the sea. Growlers extend less than 1 meter above the sea surface and normally 
occupy an area of about 20 square meters. Bergy bits and growlers are usually 
pieces calved from icebergs, but they may be formed by the melting of an iceberg. 
The principal danger from icebergs is their tendency to break or shift position, and 
possible underwater extensions, called rams, which are usually formed due to the 
more intensive melting or erosion of the unsubmerged portions. Rams may also 
extend from a vertical ice cliff, also known as an ice front, which forms the 
seaward face of a massive ice sheet or floating glacier; or from an ice wall which is 
the ice cliff forming the seaward margin of a glacier which is aground. 

As strange as it may seem, icebergs may be helpful to the mariner in some 
ways. The melt water found on the surface of icebergs is a source of freshwater, and 
in the past some daring seamen have made their vessels fast to icebergs which, 
because they are affected more by currents than the wind, have proceeded to tow 
them out of the ice pack. 

3604. Sea ice forms by the freezing of seawater and accounts for 95 percent of 
all ice encountered. The first indication of the formation of new sea ice (up to 10 
centimeters in thickness) is the development of small individual, needlelike crystals 
of ice, called spicules, which become suspended in the top few centimeters of 
seawater. These spicules, also known as frazil ice, give the sea surface an oily 
appearance. Grease ice is formed when the spicules coagulate to form a soupy layer 
on the surface giving the sea a matte appearance. The next stage in sea ice 
formation occurs when shuga, an accumulation of spongy white ice lumps a few 
centimeters across, develops from grease ice. Upon further freezing, and depending 
upon wind exposure, seas, and salinity, shuga and grease ice develop into nilas, an 
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elastic crust of high salinity up’ to 10 centimeters in thickness with a matte surface 
or into ice rind, a brittle, shiny crust of low salinity with a thickness up to 
approximately 5 centimeters. A layer of 5 centimeters of freshwater ice is brittle 
but strong enough to support the weight of a heavy man. In contrast, the same 
thickness of newly formed sea ice will support not more than about 10 percent of 
this weight, although its strength varies with the temperatures at which it is 
formed; very cold ice supports a greater weight than warmer ice. As it ages, sea ice 
becomes harder and more brittle. 

New ice may also develop from slush which is formed when snow falls into 
seawater which is near its freezing point, but colder than the melting point of snow. 
The snow does not melt but floats on the surface, drifting with the wind into beds. 
If the temperature then drops below the freezing point of the seawater, the slush 
freezes quickly into a soft ice similar to shuga. 

Sea ice is exposed to several forces, including currents, wave motion, tides, 
wind, and temperature differences. In its early stages, its plasticity permits it to 
conform readily to virtually any shape required by the forces acting upon it. As it 
becomes older, thicker, more brittle, and exposed to the influence of wind and wave 
action, new ice usually separates into circular pieces from 30 centimeters to 3 
meters in diameter and up to approximately 10 centimeters in thickness with raised 
edges due to individual pieces striking against each other. These circular pieces of 
ice are called pancake ice (fig. 3604a) and may break into smaller pieces with 
strong wave motion. Any single piece of relatively flat sea ice less than 20 meters 
across is called an ice cake. With continued low temperatures individual ice cakes 
and pancake ice will, depending on wind or wave motion, either freeze together to 
form a continuous sheet or unite into pieces of ice 20 meters or more across. These 
larger pieces are then called ice floes which may further freeze together to form an 
ice covered area greater than 10 kilometers across known as an ice field. In wind 
sheltered areas thickening ice usually forms a continuous sheet before it can 
develop into the characteristic ice cake form. When sea ice reaches a thickness of 
between 10 to 30 centimeters it is referred to as grey and grey-white ice, or 
collectively as young ice, and is the transition stage between nilas and first-year 
ice. First-year ice usually attains a thickness of between 30 centimeters and 2 
meters in its first winter’s growth. 

Sea ice may grow to a thickness of 10 to 13 centimeters within 48 hours, after 
which it acts as an insulator between the ocean and the atmosphere progressively 
slowing its further growth. However, sea ice may grow to a thickness of between 2 
to 3 meters in its first winter. Ice which has survived at least one summer’s melt is 
classified as old ice. If it has survived only one summer’s melt it is referred to as 
second-year ice. Because it is thicker and less dense than first-year ice, it stands 
higher out of the water. Old ice which has attained a thickness of 3 meters or more 
and has survived at least two summers’ melt is known as multiyear ice and is 
almost salt free. Old ice may often be recognized by a bluish tone to its surface 
color in contrast to the greenish tint of first-year ice. 

Greater thicknesses in both first and multiyear ice are attained through the 
deformation of the ice resulting from the movement and interaction of individual 
floes. Deformation processes occur after the development of new and young ice and 
are the direct consequence of the effects of winds, tides, and currents. These 
processes transform a relatively flat sheet of ice into pressure ice which has a 
readily observed roughness in its surface. Bending, which is the first stage in the 
formation of pressure ice, is the upward or downward motion of thin and very 
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Figure 3604a.—Pancake ice, with an iceberg in the background. 


plastic ice. Tenting occurs when bending produces an upward displacement of ice 
forming a flat sided arch with a cavity beneath. More frequently, however, rafting 
takes place as one piece of new and young ice overrides another. When pieces of 
first-year ice are piled haphazardly over one another forming a wall or line of 
broken ice, referred to as a ridge, the process is known as ridging. Pressure ice with 
topography consisting of numerous mounds or hillocks is called hummocked ice, 
each mound being called a hummock. 

The motion of adjacent floes is seldom equal. The rougher the surface, the 
greater is the effect of wind, since each piece extending above the surface acts as a 
sail. Some ice floes are in rotary motion as they tend to trim themselves into the 
wind. Since ridges extend below as well as above the surface, the deeper ones are 
influenced more by deep water currents. When a strong wind blows in the same 
direction for a considerable period, each floe exerts pressure on the next one, and as 
the distance increases, the pressure becomes tremendous. Ridges on sea ice are 
generally about 1 meter high and 5 meters deep, but under considerable pressure 
may attain heights of 30 meters and depths of 150 meters in extreme cases. 

The alternate melting and growth of sea ice, combined with the continual 
motion of various floes that results in separation as well as consolidation, causes 
widely varying conditions within the ice cover itself. The mean areal density, or 
concentration, of pack ice in any given area is expressed in oktas (eights). Concen- 
trations range from: open water (total concentration of all ice does not exceed 4), 
very open pack (’% to less than % concentration), open pack (% to less than % 
concentration), close pack (% to less than 7% concentration), very close pack (% to 
less than % concentration), to compact or consolidated pack (8 or complete 
coverage). The extent to which an ice cover of varying concentrations can be 
penetrated by a vessel varies from place to place and with changing weather 
conditions. With a concentration of 1 to 2 oktas in a given area, an unreinforced 
vessel can generally navigate safely, but the danger of receiving heavy damage is 
always present. When the concentration increases to between 2 and 4 oktas, the 
area becomes only occasionally accessible to an unreinforced vessel depending upon 
the vagaries of wind and current. With concentrations of 4 to 6 oktas, the area 
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becomes accessible only to ice strengthened vessels which on occasion will require 
icebreaker assistance. Navigation in areas with concentrations of 6 oktas or more 
should only be attempted by modern icebreakers. 

Within the ice cover, openings may develop resulting from a number of defor- 
mation processes. Long, jagged cracks may appear first in the ice cover or through a 
single floe. When these cracks part and reach lengths of a few meters to many 
kilometers, they are referred to as fractures. If they widen further to permit 
passage of a ship, they are called leads. In winter, a thin coating of new ice may 
cover the water within a lead, but in summer the water usually remains ice-free 
until a shift in the movement forces the two sides together again. Before this 
occurs, lateral motion generally occurs between the floes, so that they no longer fit 
and unless the pressure is extreme, numerous large patches of open water remain. 
These nonlinear shaped openings enclosed in ice are called polynyas. Polynyas may 
contain small fragments of floating ice and may be covered with miles of new and 
young ice. 

Sea ice which is formed in situ from seawater or by the freezing of pack ice of 
any age to the shore and which remains attached to the coast, to an ice wall, to an 
ice front, or between shoals is called fast ice. The width of this fast ice varies 
considerably and may extend for a few meters or several hundred kilometers. In 
bays and other sheltered areas, fast ice, often augmented by annual snow accumula- 
tions and the seaward extension of land ice, may attain a thickness of over 2 meters 
above the sea surface. When a floating sheet of ice grows to this or a greater 
thickness and extends over a great horizontal distance, it is called an ice shelf. 
Massive ice shelfs where the ice thickness reaches several hundred meters are 
found in both the Arctic and Antarctic. 

The majority of the icebergs found in the Antarctic do not originate from 
glaciers as those found in the Arctic, but are calved from the outer edges of broad 
expanses of shelf ice. Icebergs formed in this manner are called tabular icebergs, 
having a boxlike shape with horizontal dimensions measured in kilometers, and 
heights above the sea surface approaching 60 meters. The largest Antarctic ice 
shelves are found in the Ross and Weddell Seas. The expression “tabular iceberg” is 
not applied to bergs which break off from arctic ice shelves; similar formations 
there are called ice islands. These originate when shelf ice, such as that found on 
the northern coast of Greenland and in the bays of Ellesmere Island, breaks up. As 
a rule, arctic ice islands are not as large as the tabular icebergs found in the 
Antarctic. They attain a thickness of up to 55 meters and on the average extend 5 
to 7 meters above the sea surface. Both tabular icebergs and ice islands possess a 
nearly level, but gently rolling surface. Because of their deep draft, they are 
influenced much more by current than wind. Both the United States and the 
U.S.S.R. have used arctic ice islands as floating scientific platforms from which 
polar research has been conducted. 

3605. Thickness of sea ice.—Sea ice has been observed to grow to a thickness of 
almost 3 meters during its first year. However, the thickness of first-year ice that 
has not undergone deformation does not generally exceed 2 meters. In coastal areas 
where the melting rate is less than the freezing rate, the thickness may increase 
during succeeding winters, being augmented by compacted and frozen snow, until a 
maximum thickness of about 35 to 4.5 meters may eventually be reached. Old sea 
ice may also attain a thickness of over 4 meters in this manner, or when summer 
melt water from its surface or from snow cover runs off into the sea and refreezes 
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under the ice where the seawater temperature is below the freezing point of the 
fresher melt water. 

The growth of sea ice is dependent upon a number of meteorological and 
oceanographic parameters. Such parameters include air temperature, initial ice 
thickness, snow depth and density, wind speed, seawater salinity and density, and 
the specific heats of sea ice and seawater. Investigations, however, have shown that 
the most influential parameters affecting sea ice growth are air temperature, wind 
speed, snow depth and density, and initial ice thickness. Many complex equations 
have been formulated to predict ice growth using these five parameters. However, 
except for the first two, these parameters are not routinely observed for remote 
polar locations. 

In the early 1940’s a Russian geographical scientist, N. N. Zubov, formulated an 
ice growth equation as a function of air temperature alone and based on his 
empirical observations of ice formation along portions of the northern Russian 
arctic coast. Air temperatures are translated into accumulated frost degree days 
from which theoretical ice thicknesses are calculated using the equation: 


J 
4/2500+32 ; poe 


2 


where 7; is the ice thickness in centimeters on day j and DDi is the frost degree day 
accumulation in degrees Celsius on day i. 

A frost degree day is defined as a day with a mean temperature of 1° below an 
arbitrary base. The base most commonly used is the freezing point of freshwater 
(0°C). If, for example, the mean temperature on a given day is 5° below freezing, 
then five frost degree days are collected for that day. These frost degree days are 
then added to those collected the very next day to obtain an accumulated value, 
which is then added to the number of degree days collected the following day. This 
process is repeated daily throughout the ice growing season. Temperatures usually 
fluctuate above and below freezing for several days before remaining below freez- 
ing. Therefore, frost degree day accumulations are initiated on the first day of the 
period when temperatures remain below freezing. The relationship between frost 
degree day accumulations and theoretical ice growth curves at Point Barrow, 
Alaska is shown in figure 3605a. Similar curves for other arctic stations are con- 
tained in publications available from the U. S. Naval Oceanographic Office. Figure 
3605b graphically depicts the relationship between accumulated frost degree days 
(°C) and ice thickness in centimeters. 

During the winter the ice usually becomes covered with snow which insulates 
the ice beneath and tends to slow down its rate of growth. This thickness of snow 
cover varies considerably from region to region as a result of differing climatic 
conditions. Its depth may also vary widely within very short distances in response 
to variable winds and ice topography. While this snow cover persists, almost 90 
percent of the incoming radiation is reflected back to space. Eventually, however, 
the snow begins to melt as the air temperature rises above 0°C in early summer 
and the resulting freshwater forms puddles on the surface. These puddles absorb 
about 90 percent of the incoming radiation and rapidly enlarge as they melt the 
surrounding snow or ice. Eventually the puddles penetrate to the bottom surface of 
the floes and are known as thawholes. This slow process is characteristic of ice in 
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Figure 3605a.—Relationship between accumulated frost degree days and theoretical ice thickness at 
Point Barrow, Alaska. 


the Arctic Ocean and seas where movement is restricted by the coastline or islands. 
Where ice is free to drift into warmer waters (e.g., the Antarctic, East Greenland, 
and the Labrador Sea) decay is accelerated in response to wave erosion as well as 


warmer air and sea temperatures. 
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FiGuRE 3605b.—Relationship between accumulated frost degree days (°C) and ice thickness (cm). 


3606. Salinity of sea ice.—Sea ice forms first as salt-free crystals near the 
surface of the sea. As the process continues, these crystals are joined together and, 
as they do so, small quantities of brine are trapped within the ice. On the average, 
new ice 15 centimeters thick contains 5 to 10 parts of salt per thousand. With lower 
temperatures, freezing takes place faster. With faster freezing, a greater amount of 
salt is trapped in the ice. 

Depending upon the temperature, the trapped brine may either freeze or 
remain liquid, but because its density is greater than that of the pure ice, it tends 
to settle down through the pure ice. As it does so, the ice gradually freshens, 
becoming clearer, stronger, and more brittle. At an age of 1 year, sea ice is 
sufficiently fresh that its melt water, if found in puddles of sufficient size, and not 
contaminated by spray from the sea, can be used to replenish the freshwater supply 
of a ship. However, ponds of sufficient size to water ships are seldom found except 
in ice of great age, and then much of the melt water is from snow which has 
accumulated on the surface of the ice. When sea ice reaches an age of about 2 
years, virtually all of the salt has been eliminated. Icebergs contain no salt, and 
uncontaminated melt water obtained from them is fresh. 

The settling out of the brine gives sea ice a honeycomb structure which greatly 
hastens its disintegration when the temperature rises above freezing. In this state, 
when it is called rotten ice, much more surface is exposed to warm air and water, 
and the rate of melting is increased. In a day’s time, a floe of apparently solid ice 
several inches thick may disappear completely. 

3607. Density of ice—The density of freshwater ice at its freezing point is 
0.917. Newly formed sea ice, due to its salt content, is more dense, 0.925 being a 
representative value. The density decreases as the ice freshens (art. 3606). By the 
time it has shed most of its salt, sea ice is less dense than freshwater ice, because 
ice formed in the sea contains more air bubbles. Ice having no salt but containing 
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air to the extent of 8 percent by volume (an approximately maximum value for sea 
ice) has a density of 0.845. 

The density of land ice varies over even wider limits. That formed by freezing 
of freshwater has a density of 0.917, as stated above. Much of the land ice, however, 
is formed by compacting of snow. This results in the entrapping of relatively large 
quantities of air. Néveé, a snow which has become coarse grained and compact 
through temperature change, forming the transition stage to glacier ice, may have 
an air content of as much as 50 percent by volume. By the time the ice of a glacier 
reaches the sea, its density approaches that of freshwater ice. A sample taken from 
an iceberg on the Grand Banks had a density of 0.899. 

When ice floats, part of it is above water and part is below the surface. The 
percentage of the mass below the surface can be found by dividing the average 
density of the ice by the density of the water in which it floats. Thus, if an iceberg 
of density 0.920 floats in water of density 1.028 (corresponding to a salinity of 35 
parts per thousand and a temperature of —1°C, or 30°F), 89.5 percent of its mass 
will be below the surface. That is, about nine-tenths of the mass will be below the 
surface, and only about one-tenth will be above the surface. 

The height to draft ratio for a blocky or tabular iceberg probably varies fairly 
closely about 1:5. This average ratio was computed for icebergs south of Newfound- 
land by considering density values and a few actual measurements, and by seismic 
means at a number of locations along the edge of the Ross Ice Shelf near Little 
America Station. It was also substantiated by density measurements taken in a 
nearby hole drilled through the 256-meter thick ice shelf. The height to draft ratios 
of icebergs become significant when determining their drift (art. 3609). 

3608. Drift of ice.—Although surface currents have some effect upon the drift 
of pack ice, the principal factor is wind. Due to Coriolis force (art. 3808), ice does not 
drift in the direction of the wind, but varies from approximately 18° to as much as 
90° from this direction, depending upon the force of the surface wind and the ice 
thickness. In the Northern Hemisphere, this drift is to the right of the direction 
toward which the wind blows, and in the Southern Hemisphere it is toward the left. 
Although early investigators computed average angles of approximately 28° or 29° 
for the drift of close multiyear pack ice, large drift angles were usually observed 
with low rather than high wind speeds. The relationship between surface wind 
speed, ice thickness, and drift angle, shown in figure 3608, was derived theoretically 
for the drift of consolidated pack under equilibrium (a balance of forces acting on 
the ice) conditions, and shows that the drift angle increases with increasing ice 
thickness and decreasing surface wind speed. A slight increase also occurs with 
higher latitude.. 

Since the cross-isobar deflection of the surface wind over the oceans is approxi- 
mately 20°, the deflection of the ice varies from approximately along the isobars to 
as much as 70° to the right of the isobars, with low pressure on the left and high 
pressure on the right in the Northern Hemisphere. The positions of the low and 
high pressure areas are, of course, reversed in the Southern Hemisphere. The drift 
angles that are given in figure 3608 may be used for all ice concentrations and 
polar latitudes. 

The rate of drift, compiled from observations of ice drift along the northern 
Russian coast bordering the Chukchi Sea, is presented in table 3608. Rates are 
given as a percentage of the surface wind speed and depend upon the roughness of 
the surface and the concentration of the ice. Percentages vary from approximately 
one quarter of 1 percent to almost 8 percent of the surface wind speed measured 
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approximately 6 meters above the ice surface. Low concentrations of heavily ridged 
or hummocked floes drift faster than high concentrations of lightly ridged or 
hummocked floes with the same wind speed. From table 3608 it can be seen that 
sea ice of 6 to 7 okta concentrations and six tenths hummocking or close multiyear 
ice will drift at approximately 2 percent of the surface wind speed. Additionally, the 
response factors of 1 and 4 okta ice concentrations respectively, are approximately 
three times and twice the magnitude of the response factor for 7 okta ice concentra- 
tions with the same extent of surface roughness. Although a maximum ice drift to 
surface wind speed ratio of approximately 8 percent is indicated by table 3608, 
isolated ice floes have been observed to drift as fast as 10 percent to 12 percent of 


strong surface winds. 
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TABLE 3608.—Rate of the wind drift of sea ice (given as a percent of the surface wind speed) for varying 
ice concentration and surface roughness. 


The rates with which sea ice drifts have been quantified through empirical 
observation. The drift angle, however, has been determined theoretically for 8 okta 
ice concentrations. This relationship presently is extended to the drift of all ice 
concentrations due to the lack of basic knowledge of the dynamic forces that act 
upon and result in redistributions of sea ice in the polar regions. 

3609. Iceberg drift.—Icebergs extend a considerable distance below the surface 
and have relatively small “sail areas’ compared to their subsurface mass. There- 
fore, the near-surface current is thought to be primarily responsible for drift; 
however, observations have shown that wind can be the dominant force that gov- 
erns iceberg drift at a particular location or time. Also, the current and wind may 
contribute nearly equally to the resultant drift. 

Two other major forces which act on a drifting iceberg are the Coriolis force 
and, to a lesser extent, the pressure gradient force which is caused by gravity owing 
to a tilt of the sea surface and is important only for iceberg drift in a major current. 
Near-surface currents are generated by a variety of factors such as horizontal 
pressure gradients owing to density variations in the water, rotation of the earth, 
gravitational attraction of the moon, and slope of the sea surface. Wind not only 
acts directly on an iceberg, but also indirectly by generating waves and a surface 
current in about the same direction as the wind. Because of inertia, an iceberg may 
continue to move from the influence of wind for some time after the wind stops or 
changes direction. 

The relative influence of currents and winds on the drift of an iceberg varies 
according to the direction and magnitude of the forces acting on its sail area and 
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subsurface cross-sectional area. The resultant force therefore involves the propor- 
tions of the iceberg above and below the sea surface in relation to the velocity and 
depth of the current, and the velocity and duration of the wind. Studies tend to 
show that, generally, where strong currents prevail, the current is dominant. In 
regions of weak currents, however, winds that blow for a number of hours in a 
steady direction materially affect the drift of icebergs. Generally, it can be stated 
that currents tend to have a greater effect on deep-drafted icebergs, while winds 
tend to have a greater effect on shallow-drafted icebergs. 

As icebergs waste through melting, erosion, and calving, observations indicate 
the height to draft ratio may approach 1:1 during their last stage of decay when 
they are referred to as valley, winged, horned, or spired icebergs. The height to 
draft ratios found for icebergs in their various stages are presented in table 3609a. 
Since wind tends to have a greater effect on shallow than deep-drafted icebergs, the 
wind can be expected to exert increasing influence on iceberg drift as wastage 
increases. 


Iceberg type Height to draft ratio 


Blocky or tabular BES 
Rounded or domed 2 
Picturesque or Greenland (sloping) 

Pinnacled or ridged 

Horned, winged, valley, or spired (weathered) 


a ps pe 
Mepwit 


TABLE 3609a.—Height to draft ratios for various types of icebergs. 


Simple equations which precisely define iceberg drift cannot be formulated at 
present because of the uncertainty in the water and air drag coefficients associated 
with iceberg motion. Values for these parameters not only vary from iceberg to 
iceberg, but they probably change for the same iceberg over its period of wastage. 

Present investigations utilize an analytical approach facilitated by computer 
calculations in which the air and water drag coefficients are varied within reasona- 
ble limits. Combinations of these drag values are then used in several increasingly 
complex water models that try to duplicate observed iceberg trajectories. The re- 
sults indicate that with a wind generated current, Coriolis force, and a uniform 
wind, but without a gradient current, small and medium icebergs will drift with the 
percentages of the wind as given in table 3609b. The drift will be to the right in the 
Northern Hemisphere and to the left in the Southern Hemisphere. 


Wind Speed (knots) Ice Speed/Wind Speed (percent) Drift Angle (degrees) 
Small Berg Med. Berg Small Berg Med. Berg 
10 3.6 ed, 12 69 
20 3.8 sill 14 55 
30 4.1 3.4 Vi 36 
40 4.4 Seo) 19 Bo 
50 4.5 3.6 23 aye 
60 4.9 Berl 24 31 


TABLE 3609b.—Drift of iceberg as percentage of wind speed. 


When gradient currents are introduced, trajectories. vary considerably depend- 
ing on the magnitude of the wind and current and whether they are in the same or 
opposite direction. When a 1-knot current and wind are in the same direction, drift 
is to the right of both wind and current with drift angles increasing linearly from — 
approximately 5° at 10 knots to 22° at 60 knots. When the wind and a 1-knot 
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current are in opposite directions, drift is to the left of the current with the angle 
increasing from approximately 3° at 10 knots, to 20° at 30 knots, and to 73° at 60 
knots. As a limiting case for increasing wind speeds, drift may be approximately 
normal (to the right) to the wind direction. This indicates that the wind generated 
current is clearly dominating the drift. In general, the various models used demon- 
strated that a combination of the wind and current was responsible for the drift of 
icebergs. 

3610. Extent of ice in the sea.—When an area of sea ice, no matter what form 
it takes or how it is disposed, is described, it is referred to as pack ice. In both polar 
regions the pack ice is a very dynamic feature with wide deviations in its areal 
extent dependent upon changing oceanographic and meteorological phenomena. In 
winter the arctic pack extends over the entire Arctic Ocean and for a varying 
distance outward from it; the limits receding considerably during the warmer 
summer months. Each year a large portion of the ice from the Arctic Ocean moves 
outward between Greenland and Spitsbergen, into the North Atlantic, and is re- 
placed by new ice. Relatively little of the arctic pack ice is more than 10 years old. 
An example of the variance possible in the outer limit of the arctic ice pack is 
shown in figure 3610a where the average positions of the maximum and minimum 
extents of sea ice are plotted. 

Ice covers a large portion of the antarctic waters and is probably the greatest 
single factor contributing to the isolation of the Antarctic Continent. During the 
austral winter (June through September), ice completely surrounds the continent, 
forming an almost impassable barrier that extends northward on the average to 
about 54°S in the Atlantic and to about 62°S in the Pacific. Disintegration of the 
pack ice during the austral summer months of December through March allows the 
limits of the ice edge to recede considerably opening some coastal areas of the 
Aniarctic to navigation. The mean maximum and mean minimum positions of the 
antarctic ice limit are shown in figure 3610b. 

Historical information on sea conditions for specific localities and time periods 
can be found in publications of the U. S. Naval Oceanographic Office and the 
Defense Mapping Agency Hydrographic/ Topographic Center. Such publications in- 
clude sailing directions, forecasting guides, and ice atlases. 

3611. Ice in the North Atlantic. Sea level glaciers exist on a number of land- 
masses bordering the northern seas, including Alaska, Greenland, Svalbard (Spits- 
bergen), Zemlya Frantsa-losifa (Franz Josef Land), Novaya Zemlya, and Severnaya 
Zemlya (Nicholas II Land). Except in Greenland, the rate of calving is relatively 
slow, and the few icebergs produced melt near their points of formation. Many of 
those produced along the coasts of Greenland, however, are eventually carried into 
the shipping lanes of the North Atlantic, where they constitute a major menace to 
ships. 

Generally the majority of icebergs produced along the east coast of Greenland 
remain near their source of origin. However, a small number of bergy bits, growl- 
ers, and small icebergs are transported from this region by the East Greenland 
Current around Kap Farvel at the southern tip of Greenland and then northward 
by the West Greenland Current into Davis Strait to the vicinity of 67°N. Relatively 
few of these icebergs menace shipping but some are carried to the south and 
southeast of Kap Farvel by a counterclockwise current gyre centered near 57°N and 
43°W. 

The main source of the icebergs encountered in the North Atlantic is the west 
coast of Greenland between 67°N and 76°N where approximately 7,500 icebergs are 
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Figure 3610a.—Average maximum and minimum extent of arctic sea ice. 


formed each year. In this area there are about 100 low lying coastal glaciers, 20 of 
them being the principal producers of icebergs. Of these 20 major glaciers, 2 located 
in Disko Bugt between 69°N and 70°N are estimated to contribute 28 percent of all 
icebergs appearing in Baffin Bay and the Labrador Sea. The West Greenland 
Current carries icebergs from this area northward and then westward until they 
encounter the south flowing Labrador Current. West Greenland icebergs generally 
spend their first winter locked in the Baffin Bay pack ice; however, a large number 
can also be found within the sea ice extending along the entire Labrador coast by 
late winter. During the next spring and summer, when they are freed by the break 
up of the pack ice, they are transported further southward by the Labrador Cur- 
rent. The general drift patterns of icebergs that are prevalent in the eastern portion 
of the North American Arctic are shown in figure 361la. Observations over a 69- 
year period show that an average of 365 icebergs per year reach latitudes south of 
48°N, with approximately 10 percent of this total carried south of the Grand Banks 
(43°N) before they melt. Icebergs may be encountered during any part of the year, 
but in the Grand Banks area they are most numerous during spring. The maximum 
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Ficure 3610b.—Average maximum and minimum extent of antarctic sea ice. 


monthly average of iceberg sightings occur during April, May, and June, with May 
having the highest average of 124. 

The variation from average conditions is considerable. More than 1,587 icebergs 
have been sighted south of latitude 48°N in a single year (1972), while in 1966 not a 
single iceberg was encountered in this area. In the years of 1940 and 1958 only one 
iceberg was observed south of 48°N. Although this variation has not been fully 
explained, it is apparently related to wind conditions, the distribution of pack ice in 
Davis Strait, and to the amount of pack ice off Labrador. It has been suggested that 
the distribution of the Davis Strait-Labrador Sea pack ice influences the effective- 
ness of this ice in holding back the icebergs. According to this theory, when pack ice 
is heavy along the Labrador coast, the icebergs are forced well offshore, where 
warmer water causes them to melt before they reach the North Atlantic shipping 
lanes; but when the pack ice is not sufficient for this, the icebergs drift closer to 
shore, where there is colder water which prolongs their existence. 

Average iceberg and pack ice limits in this area during April, May, and June 
are shown in figures 3611b, 3611c, and 3611d. Icebergs have been observed in the 
vicinity of Bermuda, the Azores, and within 400 to 500 kilometers of Great Britain. 
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Ficure 361la.—General drift pattern of icebergs. 


ICE IN THE SEA 861 


60 


y 
io 
“Sf MAXIMUM EXTENT OF SEA ICE 
(1/8 OR GREATER CONCENTRATION) 


age 
Ny 


p 


A ESTIMATED MEAN MAXIMUM 
EXTENT OF GLACIER ICE 


Figure 3611b.—Average iceberg and pack ice limits during the month of April. 


Pack ice may also be found in the North Atlantic, some having been brought 
south by the Labrador Current and some coming through Cabot Strait after having 
formed in the Gulf of St. Lawrence. 

3612. The International Ice Patrol was established in 1914 by the International 
Convention for the Safety of Life at Sea, held in 1913 as a result of the sinking of 
the SS Titanic in 1912. On its maiden voyage this vessel struck an iceberg and sank 
with the loss of 1,513 lives. In accordance with the agreement reached at the 
convention, this patrol is conducted by the U.S. Coast Guard, which is responsible 
for the observations and dissemination of information concerning ice conditions in 
the North Atlantic. Information on ice conditions for the Gulf of St. Lawrence and 
the coastal waters of Newfoundland and Labrador, including the Strait of Belle Isle 
to west of Belle Isle itself, is provided by the Canadian Ministry of Transport 
between the months of December through late June. Ice data for these areas are 
obtained from the Ice Operations Officer located at Dartmouth, Nova Scotia via 


Sidney or Halifax marine radio. 
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Figure 3611c.—Average iceberg and pack ice limits during the month of May. 


During each ice season, aerial reconnaissance surveys are made in the vicinity 
of the Grand Banks of Newfoundland to determine the southeastern, southern, and 
southwestern limit of the seaward extent of icebergs. During the war years of 1916- 
18 and 1941-45 the patrol was suspended. Aircraft were added to the patrol force 
following World War II, and today perform the majority of the work. Reports of ice 
sightings are also requested and collected from ships transiting the Grand Banks 
area. When reporting ice, vessels are requested to detail the type of ice (icebergs or 
sea ice) sighted, its position, concentration and thickness (for sea ice), and size and 
shape (for icebergs). 

In addition to ice reports, masters who do not issue routine weather reports, 
are urged to make sea surface temperature and weather reports to the Ice Patrol 
every 6 hours within latitudes 40° to 52°N and longitudes 38° to 58°W. 

Operations of the Ice Patrol are directed from the U. S. Coast Guard Base, 
Avery Point, Groton, Connecticut. Regularly scheduled bulletins are issued by the 
Ice Patrol twice daily during the ice season by radio and landline communications’ 
from Boston, Massachusetts. When icebergs are sighted outside the known limits of 
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ice, special broadcasts are issued from St. Johns, Newfoundland, between those 
regularly scheduled. Iceberg positions in the ice bulletins are updated for drift at 
12-hour intervals. A radio-facsimile chart is also broadcast once a day throughout 
the ice season. The Ice Patrol, in addition to patrolling possible iceberg areas, 
conducts oceanographic surveys, maintains up-to-date records of the currents in its 
area of operation to aid in predicting the drift of icebergs, and studies sea ice 
conditions in general. 

3613. Ice detection.—Safe navigation in the polar seas depends on a number of 
factors, not the least of which is accurate knowledge of the location and amount of 
sea ice that lies between the mariner and his destination. Sophisticated electronic 
equipment such as radar, sonar, and the visible, infrared, and microwave radiation 
remote sensors on board earth orbiting satellites have joined forces with the polar 
traveler’s own eyesight and, in some cases, hearing to aid him in detecting ice in 
the sea. 

As a ship proceeds into higher latitudes, the first ice it encounters is likely to 
be in the form of icebergs, because such large pieces require a longer time to 
disintegrate. Icebergs can easily be avoided if detected soon enough. The distance at 
which an iceberg can be seen visually depends upon meteorological visibility, height 
of the iceberg, source and condition of lighting, and the observer. On a clear day 
with excellent visibility, a large iceberg, due to its brilliant luster, might be sighted 
at a distance of almost 35 kilometers. With a low-lying haze around the horizon, 
this distance may be reduced by one-half. In light fog or drizzle this distance is 
further reduced from 1,850 meters to 5.5 kilometers. 

In a dense fog an iceberg may not be perceptible at a distance of over 100 
meters or until it is close aboard where it will appear in the form of a luminous, 
white object if the sun is shining; or as a dark, somber mass with a narrow streak 
of blackness at the waterline if the sun is not shining. If the layer of fog is not too 
thick, an iceberg may be sighted from aloft sooner than from a point lower in the 
vessel, but this fact should not be considered justification for omitting a bow 
lookout. The diffusion of light in a fog will produce a blink, or area of whiteness, 
above and at the sides of an iceberg which will appear to increase the apparent size 
of its mass. 

On dark, clear nights icebergs may be seen at a distance of from 1,850 meters 
to 4 kilometers, appearing either as white or black objects with an occasional light 
spot where a wave breaks against it. Under such conditions of visibility growlers 
are a greater menace to vessels, and the vessel’s speed should be reduced and a 
sharp lookout maintained. 

The moon may either help or hinder, depending upon its phase and position 
relative to ship and iceberg. A full moon in the direction of the iceberg interferes 
with its detection, while light from one in the opposite direction may produce a 
blink which renders the iceberg visible for a greater distance, possibly as much as 
5.5 kilometers. A clouded sky at night, through which the moonlight is intermit- 
tent, also renders ice detection difficult. A night sky with heavy passing clouds may 
also dim or obscure any object which has been sighted, and fleecy cumulus and 
cumulonimbus clouds often may give the appearance of blink from icebergs. 

If an iceberg is in the process of disintegration, its presence may be detected by 
the cracking sound as a piece breaks off, or by the thunderous roar as a large piece 
falls into the water. The appearance of smaller pieces of ice in the water often 
indicates the presence of an iceberg nearby. In calm weather such pieces may form 
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FicurE 3611d.—Average iceberg and pack ice limits during the month of June. 


a curved line with the parent iceberg on the concave side. Some of the pieces 
broken from an iceberg are themselves large enough to be a menace to ships. 

As the ship moves closer towards areas known to contain sea ice, one of the 
most reliable signs that pack ice is being approached is the absence of swell or wave 
motion in a fresh breeze or a sudden flattening of the sea, especially from leeward. 
The observation of icebergs in itself is not a good indication that pack ice will be 
encountered soon, since icebergs may be found at great distances from pack ice. If 
the sea ice is approached from windward, it is usually compacted and the edge will 
be sharply defined. However, if it is approached from leeward, the ice is likely to be 
loose and somewhat scattered, often in long narrow arms. 

Another reliable sign of the approach of pack ice, not yet in sight, is the 
appearance of a pattern, or sky map, on the horizon or on the underside of distant, 
extensive cloud areas, created by the varying amounts of light reflected from 
different materials on the sea or earth’s surface. A bright white glare, or snow 
blink, will be observed above a snow covered surface. When the reflection on the 
underside of clouds is caused by an accumulation of distant ice, the glare is a little 
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less bright and is referred to as an ice blink. A relatively dark pattern is reflected 
on the underside of clouds when it is over land that is not snow covered. This is 
known as a land sky. The darkest pattern will occur when the clouds are above an 
open water area, and is called a water sky. A mariner experienced in recognizing 
the sky maps detailed above will find them useful in avoiding ice or searching out 
openings which may permit his vessel to make progress while proceeding through 
an ice field. 

Another indication of the presence of sea ice is the formation of thick bands of 
fog over the ice edge as moisture condenses from warm air as it passes over the 
colder ice. An abrupt change in air or sea temperature or seawater salinity is not a 
reliable sign of the approach of icebergs or pack ice. However, a drop in the 
seawater temperature to 1°1C may be an indication that a ship is within 90 
kilometers of pack ice. 

The presence of certain species of animals and birds can also indicate that pack 
ice is in close proximity. The sighting of walruses, seals, or polar bears in the Arctic 
should warn the mariner that pack ice is close at hand. In the Antarctic, the usual 
precursors of sea ice are penguins, terns, fulmars, petrels, and skuas. The mariner 
will do well to observe the habits of all species encountered, for the information 
gained will be useful on subsequent journeys. 

When visibility becomes limited, radar can prove to be an invaluable tool for 
the polar mariner. Although many icebergs will be observed visually on clear days 
before there is a return on the radarscope, radar under bad weather conditions will 
detect the average iceberg at a range of about 15 to 18 kilometers. The intensity of 
the return is a function of the nature of the iceberg’s exposed surface (slope, surface 
roughness); however, it is unusual to find an iceberg which will not produce a 
detectable echo. 

Large, vertical-sided tabular icebergs of the antarctic and arctic ice islands are 
usually detected by radar at ranges of 28 to 55 kilometers, with ranges of 68.5 
kilometers having been reported. 

Whereas a large iceberg is almost always detected by radar in time to be 
avoided, a growler large enough to be a serious menace to a vessel may be lost in 
the sea return and escape detection. If an iceberg or growler is detected by radar, 
tracking is sometimes necessary to distinguish it from a rock, islet, or another ship. 

Radar can be of great assistance to one experienced in interpreting the radar- 
scope. Smooth sea ice, like smooth water, returns little or no echo, but small floes of 
rough, hummocky sea ice capable of inflicting damage to a ship can be detected in a 
smooth sea at a range of about 4 to 6 kilometers. The return may be similar to sea 
return, but the same echoes appear at each sweep. A lead in smooth ice is clearly 
visible on a radarscope, even though a thin coating of new ice may have formed in 
the opening. A light covering of snow obliterating many of the features to the eye 
has little effect upon a radar return. The ranges at which ice can be detected by 
radar are somewhat dependent upon refraction, which is sometimes quite abnormal 
in polar regions. Adequate training and experience are essential if full benefit is to 
be realized from radar. 

Echoes from the ship’s whistle or horn will sometimes indicate the presence of 
icebergs. Such echoes can give an indication of direction. If the time interval 
between the sound and its echo is measured, the distance in meters can be deter- 
mined by multiplying the number of seconds by 168. However, echoes are not a 
reliable indication because only those pieces of ice with large vertical areas facing 
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the ship return enough echo to be heard. Also, echoes might be received from land 
or a fog bank. 

At relatively short ranges, sonar is sometimes helpful in locating ice. The 
initial detection of icebergs may be made at a distance of about 5 kilometers or 
more, but usually considerably less. Growlers may be detected at a distance of 900 
meters to 2.5 kilometers, and even smaller pieces may be detected in time to avoid 
them. Since one-half to seven-eighths of the mass of an iceberg may lie below the 
surface, the underwater portion presents a better target than the portion above 
water. 

Ice in the polar regions is best detected and observed from the air either from 
aircraft or by satellite remote sensing surveillance systems. Fixed-winged aircraft 
have been utilized extensively for obtaining detailed aerial ice reconnaissance infor- 
mation since the early 1930’s and will no doubt continue to provide this invaluable 
service for many years to come. Some ships, particularly icebreakers, proceeding 
into high latitudes carry helicopters, which are invaluable in locating ice and 
determining the relative navigability of different portions of the ice pack. If these 
helicopters, their support vessels, or aircraft flying aerial reconnaissance can be 
contacted by radio, much useful information will be obtained from them. Ice reports 
from personnel at arctic and antarctic coastal shore stations can also prove valuable 
to the polar mariner. 

The enormous ice reconnaissance capabilities of meteorological satellites were 
confirmed within hours of the launch by the National Aeronautics and Space 
Administration (NASA) of the first experimental meteorological satellite, TIROS I, 
on April 1, 1960. Although this satellite was placed in an equatorial orbit, it was 
able to detect ice covered waters in the Gulf of St. Lawrence-Newfoundland region. 
With the advent of the polar-orbiting meteorological satellites during the mid and 
late 1960's, the U. S. Navy initiated an operational satellite ice reconnaissance 
program which could, depending upon solar illumination, observe on a daily basis 
ice and its movement in any region of the globe. With the further addition of 
improved sensors such as high resolution infrared and visible scanning radiometers 
(SR); very high resolution radiometers (VHRR), also in the visible and infrared 
spectrum; and microwave systems; detailed global satellite ice data were made 
available under all weather and lighting conditions with resolutions in some cases 
below 100 meters. Examples of satellite imagery of ice covered waters are shown in 
figures 3618a and 3613b. 

Utilizing portable Automatic Picture Transmission (APT) equipment, which can 
easily be installed aboard ships or aircraft, visible and infrared radiation data 
transmitted from operational satellites can be collected during a satellite’s passage 
overhead. In this manner ice data from the satellite’s scanning radiometers can be 
received by APT stations anywhere in the polar regions during the time they are in 
the line of sight of the satellite. Portable APT equipment is generally small and 
inexpensive, usually consisting of a receiver with a camera pack, a scanning radi- 
ometer adapter, a tape recorder for later data playback, and an omnidirectional 
antenna for ship and aircraft use. A printed display is available with the addition of 
a mini-computer that also enhances the image and a small printer to display the 
digitized data. General information relating to operational satellites, various APT 
systems, types and modes of satellite data available, and transmission frequencies 
and times can be obtained from the National Environmental Satellite, Data, and 
Information Service, National Oceanic and Atmospheric Administration, Washing- 
ton, D.C. 
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Ficure 3613a.—Example of satellite imagery with a resolution of 0.9 kilometer. 


3614. Operations in ice.—Operations in the polar regions necessarily require 
considerable advanced planning and many more precautionary measures than those 
taken prior to a typical open ocean voyage. The crew, large or small, of a polar- 
bound vessel should be thoroughly indoctrinated in the fundamentals of polar 
operations, utilizing the best information sources available. The subjects covered 
should include training in shiphandling in ice, polar navigation, effects of low 
temperatures on materials and equipment, damage control procedures, communica- 
tions problems inherent in polar regions, polar meteorology, sea ice terminology, ice 
observing and reporting procedures (including classification and codes) and polar 
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FicureE 3613b.—Example of satellite imagery with a resolution of 80 meters. 


survival. Training materials should consist of reports on previous arctic and antarc- 
tic voyages, sailing directions, ice atlases, training films on polar operations, and 
U. S. Navy service manuals detailing the recommended procedures to follow during 
high latitude missions. Information relating to sources of information can be ob- 
tained from the Director, Naval Oceanography Command, Bay St. Louis, Mississip- 
pi, and from the Office of Polar Programs, National Science Foundation, Washing- 
ton,-D).C. 

The preparation of a vessel for polar operations is of extreme importance and 
the considerable experience gained from previous operations should be drawn upon 
to bring the ship to optimum operating condition. At the very least, operations 
conducted in ice infested waters require that the vessel’s hull and propulsion 
system undergo certain modifications. 

The bow and waterline of the forward part of the vessel should be heavily 
reinforced. Similar reinforcement should also be considered for the propulsion 
spaces of the vessel. Cast iron propellers and those made ofa bronze alloy do not 
possess the strength necessary to operate safely in ice. Therefore, it is strongly 
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recommended that propellers made of these materials be replaced by those fabricat- 
ed from steel. Other desirable features are the absence of vertical sides, deep 
placement of the propellers, a blunt bow, metal guards to protect propellers from 
ice damage, and lifeboats for 150 percent of personnel aboard. The complete list of 
desirable features depends upon the area of operations, types of ice to be encoun- 
tered, length of stay in the vicinity of ice, anticipated assistance by icebreakers, and 
possibly other factors. Strength requirements and the minimum thicknesses deemed 
necessary for the vessel’s frames and additional plating to be used as reinforcement, 
as well as other procedures needed to outfit a vessel for ice operations, can be 
obtained from the American Bureau of Shipping. For a more definitive and com- 
plete guide to the ice strengthening of ships, the mariner may desire to consult the 
procedures outlined in Rules for Ice Strengthening of Ships, from the Board of 
Navigation, Helsinki, Finland. 

Equipment necessary to meet the basic needs of the crew and to insure the 
successful and safe completion of the polar voyage should not be overlooked. A 
minimum list of essential items should consist of polar clothing and footware, food, 
vitamins, medical supplies, fuel, storage batteries, antifreeze, explosives, detonators, 
fuses, meteorological supplies, and survival kits containing sleeping bags, trail 
rations, firearms, ammunition, fishing gear, emergency medical supplies, and a 
repair kit. 

Whatever the nature of the vessel, it will be subjected to various hazards which 
may cause damage. Its safety depends largely upon the thoroughness of advance 
preparations, the alertness and skill of its crew, and their ability to make repairs if 
damage is incurred. Spare propellers, rudder assemblies, and patch materials, to- 
gether with the equipment necessary to effect emergency repairs of structural 
damage should be carried. Examples of repair materials needed include quick 
setting cement, oakum, canvas, timbers, planks, pieces of iron of varying shapes, 
welding equipment, clamps, and an assortment of nuts, bolts, washers, screws, and 
nails. 

Ice and snow accumulation on portions of the vessel poses a definite safety 
hazard. Therefore, mallets, hammers, ‘and scrapers to aid in the removal of heavy 
accumulations of ice, together with a supply of snow shovels and stiff brooms for 
snow removal should be provided. 

Navigation in polar waters is, even under optimum conditions, difficult and, 
during poor conditions, almost impossible. Environmental conditions encountered in 
the high latitudes such as fog, storms, compass anomalies, atmospheric effects, and, 
of course, ice, hinder polar operations. Also, deficiencies in the reliability and detail 
of hydrographic and geographical information presented on polar navigation charts 
coupled with a distinct lack of reliable bathymetry, current, and tidal data add to 
the problems of polar navigation. Much work is being carried out in the polar 
regions to improve the geodetic control, triangulation, and quality of hydrographic 
and topographic information necessary for accurate polar charts; however, until 
this massive task is completed, the only resource open to the polar navigator, 
especially during periods of poor environmental conditions, is to rely upon the basic 
principles of navigation and adapt them to unconventional methods when abnormal 
situations arise. A guide to polar navigation is presented in chapter XXV. 

Upon the approach to pack ice, a careful decision is needed to determine the 
best action. Often it is possible to go around the ice, rather than through it. Unless 
the pack is quite loose, this action usually gains rather than loses time. When 
skirting an ice field or an iceberg, do so to windward, if a choice is available, to 


870 ICE IN THE SEA 


avoid projecting tongues of ice or individual pieces that have been blown away from 
the main body of ice. 

When it becomes necessary to enter pack ice, a thorough examination of the 
distribution and extent of the ice conditions should be made beforehand from the 
highest possible location. Aircraft (particularly helicopters) and direct satellite read- 
outs are of great value in determining the nature of the ice to be encountered. The 
most important features to be noted include the location of open water such as 
leads and polynyas which may be manifested by water sky, icebergs, and the 
presence or absence of both ice under pressure and rotten ice. Some protection may 
be offered the propeller and rudder assemblies by trimming the vessel down by the 
stern slightly (at no time more than 60 to 90 centimeters) prior to entering the ice; 
however, this precaution usually impairs the maneuvering characteristics of most 
vessels not specifically built for icebreaking. 

Selection of the point of entry into the pack should be undertaken with great 
care; and if the ice boundary consists of closely packed ice or ice under pressure, it 
is advisable to skirt the edge until a more desirable point of entry is located. Seek 
areas with low ice concentrations, areas of rotten ice or those containing navigable 
leads, and if possible enter from leeward on a course perpendicular to the ice edge. 
It is also advisable to take into consideration the direction and force of the wind, 
and the set and drift of the prevailing currents when determining the point of entry 
and the course followed thereafter. Due to wind induced wave action, ice floes close 
to the periphery of the ice pack will take on a bouncing motion which can be quite 
hazardous to the hull of thin-skinned vessels. In addition, keep in mind that pack 
ice will drift slightly to the right of the lee of the true wind in the Northern 
Hemisphere and to the left of the lee in the Southern Hemisphere (art. 3608), and 
that leads opened by the force of the wind will appear perpendicular to the wind 
direction. If a suitable entry point cannot be located due to less than favorable 
conditions, one should be patient. Unfavorable conditions generally improve over a 
short period of time by a change in the wind, tide, or sea state. 

Having entered the pack, always work with the ice, not against it, and keep 
moving, but do not rush the work of negotiating the pack. Patience may pay big 
dividends. Respect the ice but do not fear it. Proceed at slow speed at first, staying 
in open water or in areas of weak ice if possible. The vessel’s speed may be safely 
increased after it has been ascertained how well it handles under the varying ice 
conditions encountered. Remember that it is always better to make good progress in 
the general direction desired than to fight large thick floes in the exact direction to 
be made good. However, avoid the temptation to proceed far to one side of the 
intended track; it is almost always better to back out and seek a more penetrable 
area. During those situations when it becomes necessary to back, always do so with 
extreme caution. 

Ice conditions may change rapidly while a vessel is working in pack ice, 
necessitating some quick maneuvering. It must never be forgotten that conventional 
vessels, even though ice strengthened, are not built for ice navigation. The vessel 
should be conned to first attempt to place it in leads or polynyas, giving due 
consideration to wind conditions. The age, thickness, and size of ice which can be 
broken depends upon the type, size, strength, and shaft horsepower of the vessel 
employed. If contact with an ice floe is unavoidable, never strike it a glancing blow. 
This maneuver may cause the ship to veer off in a direction which will swing the 
stern into the ice. If possible, seek weak spots in the floe and hit it head-on at slow 
speed. Unless the ice is rotten or very young, do not attempt to break through the 
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floe, but rather make an attempt to swing it aside as speed is slowly increased. 
Keep clear of corners and projecting points of ice, but do so without making sharp 
turns which may throw the stern against the ice, resulting in a damaged propeller, 
propeller shaft, or rudder. The use of full rudder, in non-emergency situations, is 
not recommended because it may swing either the stern or mid-section of the vessel 
into the ice. Keep a sharp watch on the propellers and rudder, fending off with long 
ice poles pieces of ice which might damage these vital parts. Stop the propellers 
only if ice cannot be avoided. 

Offshore winds may open relatively ice free navigable coastal leads, but such 
leads should not be entered without benefit of icebreaker escort. If it becomes 
necessary to enter coastal leads, narrow straits, or bays, an alert watch should be 
maintained since a shift in the wind may force drifting ice down upon the vessel. 
An increase in wind on the windward side of a prominent point, grounded iceberg, 
or land ice tongue extending into the sea will similarly endanger a vessel. It will 
always be wiser to seek out leads toward the windward side of the main body of the 
ice pack. In the event that the vessel is under imminent danger of being trapped 
close to shore by pack ice, immediately attempt to orient the vessel’s bow seaward. 
This will help to take advantage of the little manuevering room available in the 
open water areas found between ice floes. Work carefully through these areas, 
easing the ice floes aside while maintaining a close watch on the general movement 
of the ice pack. 

If the vessel is completely halted by pack ice, it is best to keep the rudder 
amidships and the propellers turning at slow speed. The wash of the propellers may 
help to clear ice away from the stern, making it possible to back down safely. When 
the vessel is stuck fast as is the case when the bow is forced up onto a massive ice 
floe, an attempt first should be made to free the vessel by going full speed astern. If 
this manuever proves ineffective, it may be possible to get the vessel’s stern to move 
slightly, thereby causing the bow to shift, by shifting the rudder from one side to 
the other while going full speed ahead. Another attempt at going astern should 
then free the vessel. The vessel may also be freed by either transferring water from 
the ballast tanks causing the vessel to list, or by alternately flooding and emptying 
the fore and aft tanks. Men wielding crowbars may also be able to split the ice at 
the pressure points. If all these methods fail, the utilization of deadmen (2- to 4- 
meter lengths of timber buried in holes out in the ice and to which a vessel is 
moored) and ice anchors (a stockless, single-fluked hook embedded in the ice) may 
be helpful. With a deadman or ice anchors attached to the ice astern, the vessel 
may be warped off the ice by winching while the engines are going full astern. If all 
the foregoing methods fail, explosives placed in holes cut nearly to the bottom of 
the ice approximately 10 to 12 meters off the beam of the vessel and detonated 
while the engines are working full astern should succeed in freeing the vessel. A 
vessel may also be sawed out of the ice if the ambient air temperature is above the 
freezing point of seawater. 

When a vessel becomes so closely surrounded by ice that all steering control is 
lost and it is unable to move, it is beset. It may then be carried by the drifting pack 
into shallow water or areas containing thicker ice or icebergs with their accompany- 
ing dangerous underwater projections. If ice forcibly presses itself against the hull, 
the vessel is said to be nipped, whether or not damage is sustained. When this 
occurs, the gradually increasing pressure may be capable of holing the vessel’s 
bottom. When a vessel is beset or nipped, freedom may be achieved through the 
careful manuevering procedures, the physical efforts of the crew, or by the use of 
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explosives similar to those previously detailed. Under severe conditions the mari- 
ner’s best ally may be patience since there will be many times when nothing can be 
done to improve the vessel’s plight until there is a change in meteorological condi- 
tions. It is a time to preserve fuel and perform any needed repairs to the vessel and 
its engines. Damage to the vessel while it is beset is usually attributable to colli- 
sions or pressure exerted between the vessel’s hull, propellers, or rudder assembly 
and the sharp corners of ice floes. These collisions can be minimized greatly by 
attempting to align the vessel in such a manner as to insure that the pressure from 
the surrounding pack ice is distributed as evenly as possible over the hull. This is 
best accomplished when medium or large ice floes encircle the vessel. 

In the vicinity of icebergs, either in or outside of the pack ice, a sharp lookout 
should be kept and all icebergs given a wide berth. The commanding officers and 
masters of all vessels, irrespective of their size, should treat all icebergs with due 
respect. The best locations for lookouts are generally in a crow’s nest rigged in the 
foremast or housed in a shelter built specifically for a bow lookout in the eyes of a 
vessel. Telephone communications between these sites and the navigation bridge on 
larger vessels will prove invaluable. It is dangerous to approach close to an iceberg 
of any size because of the possibility of encountering underwater extensions, and 
because icebergs that are disintegrating may suddenly capsize or readjust their 
masses to new positions of equilibrium. In periods of low visibility the utmost 
caution is needed at all times. Vessel speed should be reduced and the watch 
prepared for quick maneuvering. Radar becomes an effective tool in this case, but 
does not negate the need for trained lookouts. 

Since icebergs may have from eight to nine-tenths of their masses below the 
water surface, their drift (art. 3608) is generally influenced more by currents than 
winds, particularly under light wind conditions. The drift of pack ice, on the other 
hand, is usually dependent upon the wind. Under these conditions, icebergs within 
the pack may be found moving at a different rate and in a different direction from 
that of the pack ice. In regions of strong currents, icebergs should always be given a 
wide berth because they may often travel upwind at great speeds under the influ- 
ence of contrary currents, wreaking heavy pack in their paths and endangering 
those vessels that are unable to work clear. In these situations, open water will 
generally be found leeward of the iceberg, with piled up pack ice to windward. 
Where currents are weak and a strong wind predominates, similar conditions will 
be observed as the wind driven ice pack overtakes an iceberg and piles up to 
windward with an open water area lying to leeward. 

Under ice submarine operations require knowledge of prevailing and expected 
sea ice conditions to ensure maximum operational efficiency and safety. The most 
important ice features are the frequency and extent of downward projections (bum- 
mocks and ice keels) from the underside of the ice canopy (pack ice and enclosed 
water areas from the point of view of the submariner), the distribution of thin ice 
areas through which submarines can attempt to surface, and the probable location 
of the outer pack edge where submarines can remain surfaced during emergencies 
to rendezvous with surface ship or helicopter units. 

Bummocks are the subsurface counterpart of hummocks, and ice keels are 
similarly related to ridges. When the physical nature of these ice features is 
considered, it is apparent that ice keels may have considerable horizontal extent 
whereas individual bummocks can be expected to have little horizontal extent. In 
shallow water lanes to the Arctic Basin such as the Bering Strait and the adjoining | 
portions of the Bering Sea and Chukchi Sea, deep bummocks and ice keels may 
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leave little vertical leeway for submarine passage. Widely separated bummocks may 
be circumnavigated but make for a hazardous passage. Extensive ice areas with 
numerous bummocks or ice keels which cross the lane, however, may effectively 
block passage to the Arctic Basin. 

Bummocks and ice keels extend downward approximately five times their 
vertical extent above the ice surface. Therefore, observed ridges of approximately 10 
meters may extend as much as 50 meters below sea level. Owing to the direct 
relation of the frequency and vertical extent between these surface features and 
their subsurface counterparts, aircraft reconnaissance of ice conditions over a 
planned submarine cruise track should be conducted before under ice operations 
are commenced. 

Skylights are defined as thin places (usually less than 1 meter thick) in the ice 
canopy and appear from below as relatively light translucent patches in dark 
surroundings. The undersurface of a skylight is usually flat; not having been 
subjected to great pressure although the ice canopy may have a concentration of 
nearly 8 oktas. Skylights are called large if big enough for a submarine to attempt 
to surface through them; that is, have a linear extent of at least 120 meters. 
Skylights smaller than 120 meters are called small. An ice canopy along a subma- 
rine’s track that contains a number of large skylights or other features such as 
leads and polynyas which permit a submarine to surface more frequently than 10 
times per 56 kilometers is called friendly ice. An ice canopy containing no large 
skylights or other features which permit a submarine to surface is called hostile 
ice. 

For a more comprehensive guide to operations in ice, it is recommended that 
the mariner refer to Polar Operations, by Captain Edwin A. MacDonald, USN (Ret.), 
published by the United States Naval Institute, Annapolis, Maryland. 

3615. Great Lakes ice.—Large vessels have been navigating the Great Lakes 
since the early 1760’s. This large expanse of navigable water has since become one 
of the world’s busiest waterways. Due to the northern geographical location of the 
Great Lakes Basin and its susceptibility to arctic outbreaks of polar air during 
winter, the formation of ice plays a major role, albeit a disruptive one, in this 
region’s economically vital marine industry. Because of the relatively large size of 
the five Great Lakes, the ice cover which forms on them is affected by the wind and 
currents to a greater degree than that on smaller lakes. The Great Lakes northern 
location results in a long ice growth season which in combination with the effect of 
wind and current imparts to their ice covers some of the characteristics and 
behavior of an arctic ice pack. For these reasons, this article is being included in 
this chapter on ice in the sea. 

Since the five Great Lakes extend over a distance of approximately 800 kilome- 
ters in a north-south direction, each lake is influenced by varying degrees of 
meteorological parameters. These parameters, in combination with the fact that 
each lake also possesses differing hydrometeorological characteristics, materially 
affects the extent and distribution of their respective ice covers. The largest, deep- 
est, and most northern of the five Great Lakes is Lake Superior. Ice not under 
pressure, especially along this lake’s northern shores, can attain a thickness of 
between 70 to 100 centimeters which is equivalent to medium first-year ice. Winds 
and currents acting upon the ice have been known to cause ridging with heights 
approaching 10 meters. The great depth of Lake Superior, however, provides it with 
a large heat storage capacity which hinders the growth of ice somewhat, particular- 
ly during the period of initial ice formation. During a normal winter, it can be 


ICE IN THE SEA 


874 


“4oqUTM [BULIOU @ SULINP JaA0d aol WINUWIXBUI Sexe] yeoIN— ec [ge ayn 


8/ 08 vA) ob8 98 88 06 
iF 7 Tr aT T ai ] 
olf fr 1 2 
ty [9 YILVM N3d0 > 
a 
en | ULV N3d0 
se 


"Tg GTS REL 


S~f  Y3LVM N3d0 


) WJLVM NId0 


9L 8/ 08 78 oV8 98 88 06 % 


“JOJULM PTW & ZULINP 18A09 9dt UINUIIXBUT SOxP’T yeornn—qgl9g FUN 


875 


ICE IN THE SEA 


ICE IN THE SEA 


876 


“TOWUTM O19AOS B SULINP J9A0O 9OI WINUITXEUI Saye] yeoIN—‘ocTge AUNDIY 


Gees 


g-£ 


YI1VM N3d0 


ea 


YILVM N3d0 


ae 


“WILVA N30 


ST eee 


ICE IN THE SEA 877 


expected that 60 percent of the surface area of Lake Superior will become covered 
by ice. This value increases to 95 percent during a severe winter and decreases to 40 
percent during a mild winter. Under average conditions, ice which presents an 
obstacle to navigation on Lake Superior appears during the last week of December 
along both the north and south shores with the maximum extent of ice cover 
occurring between March 30 and April 10. 

Lake Michigan extends in a north-south direction for approximately 480 kilo- 
meters and possesses the third largest mean depth of the Great Lakes. Its north- 
south alignment causes ice to accumulate in the northern portions of the lake 
initially and then grow in a southerly direction as the winter progresses. Ice 
thickness ranges from an average of 10 to 20 centimeters (grey to grey-white ice) in 
the southern portion to 50 to 80 centimeters (thin to medium first-year ice) in the 
northern portion. The ice cover becomes a hazard to navigation in the northern 
sector of Lake Michigan during the last week of December with the average date of 
maximum extent of ice cover ranging from March 10 in the Chicago area to March 
28 at the northern end of Green Bay. During a severe winter, 80 percent of Lake 
Michigan’s surface area will be covered by ice. This value reduces to 40 percent for 
a normal winter and to only 10 percent during a mild winter. 

Ice formation on Lake Huron generally commences along the northeastern and 
western shorelines during the last week in December of each year. The deep north 
central basin of the lake does not, except during severe winters, generally acquire 
even a partial ice cover. The ice on Lake Huron will on the average consist 
predominantly of thin first-year ice (30-70 centimeters), with some medium first- 
year ice (70-120 centimeters) forming during a severe winter. The time interval 
between dates of the average maximum ice cover extent for this lake ranges from 
March 11 in the extreme southern portion to March 28 in the northern sector. The 
percent of lake surface area that will become ice covered is 60 percent for a normal 
winter, 40 percent for a mild winter, and 80 percent for a severe winter. 

Lake Erie is the shallowest of the Great Lakes with a mean depth of just under 
20 meters. Because of its shallowness, this lake is greatly influenced by seasonal 
temperature changes and will accumulate a considerable ice cover over a short 
period of time. Ice will begin to form first in the very shallow western portion of the 
lake during mid-December. During its growth period, the lake ice is acted upon by 
the prevailing winds and currents which concentrate it at the northeastern end of 
the lake. Generally, Lake Erie’s ice cover is made up of a combination of grey-white 
ice (15-30 centimeters) and thin first-year ice (30-70 centimeters). The average dates 
on which the maximum extent of ice cover is attained on Lake Erie varies from 
March 5 in the western sector to March 15 for the northeastern portion of the lake. 
Since it reacts rapidly to the change in the seasons, Lake Erie will attain an ice 
cover that blankets 95 to 100 percent of its surface area during a normal winter. 
During a mild winter, the ice will occupy an area covering 50 percent of the surface 
area. 

Lake Ontario has the smallest surface area of the five Great Lakes, but the 
second greatest mean depth, second only to Lake Superior. Like Lake Superior, its 
large mean depth gives Lake Ontario a large heat storage capacity which, in 
combination with its small surface area, causes the lake to respond slowly to 
changing meteorological conditions. This, in turn, produces the smallest amount of 
ice cover found on the Great Lakes. Ice will begin forming during mid-December in 
the northeastern section of the lake, and wind and current conditions similar to 
those found on Lake Erie will confine the majority of the ice cover to that section of 
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the lake. The majority of the ice formed will consist of thin first-year ice (30-70 
centimeters) with a small concentration of grey-white ice (15-30 centimeters). The 
date at which the ice cover on Lake Ontario reaches its maximum extent varies on 
the average from March 10 to March 20. During a mild winter only 8 percent of the 
lake surface area will be covered by ice. This value increases to 15 percent for a 
normal winter and to 25 percent for a severe winter. 

The maximum ice cover distribution attained by each of the Great Lakes for a 
normal, mild, and severe winter are shown in figures 3615a, 3615b, and 3615c. It 
should be noted that although the average maximum ice cover distributions for all 
five lakes appear on a single chart, they occur during the average time periods 
detailed above for each lake. 

Information concerning analyses, forecasts, and climatology of Great Lakes ice 
can be obtained from the Great Lakes Environmental Research Laboratory or the 
National Weather Service Forecast Office, both located in Ann Arbor, Michigan. 

3616. Ice observing, reporting, and forecasting.—Advance knowledge of ice 
conditions to be encountered and knowledge of how these conditions will change 
over specified time periods are invaluable in both the planning and operational 
phases of a voyage undertaken in polar regions. Typical ice support services offered 
to the polar navigator generally include analyses of current ice conditions; short- 
range (24 to 48 hour), weekly (5 to 7 day), and long range (15 to 30 day) ice forecasts; 
seasonal long-range (60 to 90 day) ice outlooks which are ordinarily updated by 15 
to 30 day forecasts as the season progresses; and ship weather routing service (ch. 
XXIV) through ice infested waters. Generally an ice analysis or forecast will depict 
the current or expected configuration and location of the pack ice edge, ice concen- 
trations within the pack itself, and the locations of features such as leads, polynyas, 
fast ice, and areas of open water. 

The single most important input into an ice forecast of any duration is an 
accurate, current, ice analysis based on the latest ice observations available. As 
stated previously, ice in the sea can be observed from vessels, fixed winged aircraft, 
helicopters, and by earth orbiting satellites, as well as by personnel at arctic and 
antarctic coastal shore stations. By means of modern communications networks, the 
reports of these observations are relayed to the offices of both federal government 
agencies and private commercial companies. 

Federal agencies providing both ice observing and forecasting services on an 
operational basis include the Department of Defense, the Department of Transpor- 
tation, and the Department of Commerce. The Department of Defense, principally 
through its Department of the Navy, provides ice support services to all U. S. and 
allied military units. Additional support may be provided to commercial concerns in 
some instances with the prior approval of the Chief of Naval Operations. Specific 
information relating to ice observation; forecasting freeze-up, ice growth, movement, 
concentration, and break-up; ship weather routing services; as well as the methods 
used to disseminate ice information can be obtained from Director, Naval Oceanog- 
raphy Command, Bay St. Louis, Mississippi. The Department of Transportation, 
through the U. S. Coast Guard, provides ice breaker support for polar operations, 
and the International Ice Patrol provides the ice support services detailed in article 
3612. Ice forecasts for Alaskan waters are provided to commercial interests by the 
National Weather Service Forecast Offices in Anchorage and Fairbanks, Alaska. 
Inquiries concerning assistance available from the Coast Guard while conducting 
programs in ice should be sent to Commandant, U. S. Coast Guard Headquarters, — 
Washington, D.C. 
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A network of polar orbiting meteorological satellites and a worldwide communi- 
cations system provide the National Oceanic and Atmospheric Administration 
(NOAA) with great quantities of detailed ice information from all areas of the 
world. Inquiries concerning the products and services available to the polar naviga- 
tor should be directed to either the National Weather Service or the National 
Environmental Satellite, Data, and Information Service, NOAA, Department of 
Commerce, Washington, D.C. Listings of consulting meteorologists and oceanogra- 
phers, and firms employing such personnel, that provide ice support services to 
individuals or commercial organizations can be usually located in the professional 
directories of the leading meteorology and oceanography journals. 

Mariners operating in and around sea ice can do much to contribute to the 
overall effectiveness of many of the services provided them. To assist these pro- 
grams it is essential that all vessels and aircraft operating in ice areas submit as 
detailed an ice report as possible to interested agencies. Several codes are now 
available for reporting ice conditions. The code normally used by those trained to 
make meteorological observations, but not specifically sea ice observations, consists 
of a five-character group appended to the World Meteorological Organization 
(WMO) weather reporting codes FM 21-V, FM 22-V, and FM 23-V. These codes are 
completely described in volume I of World Meteorological Organization, Manual on 
Codes, WMO No. 306, available from the Secretariat of the World Meteorological 
Organization, Geneva, Switzerland. A more complete and detailed reporting code 
(ICEOB) has been in use in the United States since 1972. This code and the 
procedures for its use are contained in the Ice Observers Manual, U. S. Naval 
Oceanographic Office Technical Note 3700-49-76 (unpublished manuscript). 

These codes make use of special nomenclature which has been precisely defined 
by the World Meteorological Organization in several languages. Sea-Ice Nomencla- 
ture, (WMO No. 259.TP.145) contains the nomenclature along with photography of 
most ice features. This publication is very useful for those who plan to submit ice 
condition reports. 

In addition, Guide to Meteorological Instruments and Observing Practices (WMO 
No. 8.TP.31) contains a chapter on ice development, dynamic processes, and observ- 
ing procedures and should also prove extremely useful. 

The mariner who regularly sends as complete an ice report as possible contrib- 
utes substantially to an increase in the knowledge of synoptic ice conditions and 
therefore to the accuracy and timeliness of subsequent ice analyses and forecasts. 
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3701. Introduction.—Weather forecasts are generally based upon information 
acquired by observations made at a large number of stations. Ashore, these stations 
are located so as to provide adequate coverage of the area of interest. Most observa- 
tions at sea are made by mariners, wherever they happen to be. Since the number 
of observations at sea is small compared to the number ashore, marine observations 
are of importance in areas where little or no information is available from other 
sources. Results of these observations are recorded in the deck log (art. 3719), or 
other appropriate form. Data recorded by designated vessels are sent by radio to 
centers ashore, where they are plotted, along with other observations, to provide 
data for drawing synoptic charts (art. 3826). These charts are used to make fore- 
casts. Complete weather information gathered at sea is mailed to the appropriate 
meteorological services for use in the preparation of weather atlases and in marine 
climatological studies. 

A special effort should be made to provide routine synoptic reports when 
transiting those areas where few ships are available to make and report weather 
observations. Such effort is particularly important when vessels are transiting the 
tropical regions. A vessel’s synoptic weather report may be the first indication of a 
developing tropical cyclone. 

In many instances, the analysis of the surface weather map and subsequent 
forecasts can be no better than the weather reports received. 

A knowledge of weather elements and the instruments used to measure them is 
therefore of importance to the mariner who hopes to benefit from weather broad- 
casts. 

3702. Atmospheric pressure measurement.—The sea of air surrounding the 
earth exerts a pressure of about 14.7 pounds per square inch on the surface of the 
earth. This atmospheric pressure, sometimes called barometric pressure, varies 
from place to place, and at the same place it varies with time. 

Atmospheric pressure is one of the basic elements of a meteorological observa- 
tion. When the pressure at each station is plotted on a synoptic chart, lines of equal 
atmospheric pressure, called isobars, are drawn to indicate the areas of high and 
low pressure and their centers. These are useful in making weather predictions, 
because certain types of weather are characteristic of each type area, and the wind 
patterns over large areas are deduced from the isobars. 

Atmospheric pressure is measured by means of a barometer. A mercurial 
barometer does this by balancing the weight of a column of air against that of a 
column of mercury. The aneroid barometer has a partly evacuated, thin-metal cell 
which is compressed by atmospheric pressure, the amount of the compression being 
related to the pressure. . 

Early mercurial barometers were calibrated to indicate the height, usually in 
inches or millimeters, of the column of mercury needed to balance the column of 
air above the point of measurement. While the units inches of mercury and 
millimeters of mercury are still widely used, many modern barometers are calibrat- 


883 


884 WEATHER OBSERVATIONS 


ed to indicate the centimeter-gram-second unit of pressure, the millibar, which is 
equal to 1,000 dynes per square centimeter. A dyne is the force required to acceler- 
ate a mass of one gram at the rate of one centimeter per second per second. A 
reading in any of the three units of measurement can be converted to the equiva- 
lent reading in either of the other units by means of table 14, or the conversion 
factors given in appendix D. However, the pressure reading should always be 
reported in millibars. 

3703. The mercurial barometer was invented by Evangelista Torricelli in 1643. 
In its simplest form it consists of a glass tube a little more than 30 inches in length 
and of uniform internal diameter; one end being closed, the tube is filled with 
mercury, and inverted into a cup of mercury. The mercury in the tube falls until 
the column is just supported by the pressure of the atmosphere on the open cup, 
leaving a vacuum at the upper end of the tube. The height of the column indicates 
atmospheric pressure, greater pressures supporting higher columns of mercury. 

The mercurial barometer is subject to rapid variations in height, called pump- 
ing, due to pitch and roll of the vessel and temporary changes in atmospheric 
pressure in the vicinity of the barometer. Because of this, the care required in the 
reading of the instrument, its bulkiness, and its vulnerability to physical damage, 
the mercurial barometer has been replaced at sea by the aneroid barometer. 

3704. The aneroid barometer (fig. 3704) measures atmospheric pressure by 
means of the force exerted by the pressure on a partly evacuated, thin-metal 
element called a sylphon cell (aneroid capsule). A small spring is used, either 
internally or externally, to partly counteract the tendency of the atmospheric 
pressure to crush the cell. Atmospheric pressure is indicated directly by a scale and 
a pointer connected to the cell by a combination of levers. The linkage provides 
considerable magnification of the slight motion of the cell, to permit readings to 
higher precision than could be obtained without it. 


FiGuRE 3704.—An aneroid barometer. 
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Figure 3705.—A barograph. 


An aneroid barometer should be mounted permanently. Prior to installation, 
the barometer should be carefully set to station pressure (art. 3706). An adjustment 
screw is provided for this purpose. The error in the reading of the instrument is 
determined by comparison with a mercurial barometer or a standard precision 
aneroid barometer. If a qualified meteorologist is not available to make this adjust- 
ment, it is good practice to remove only one-half the apparent error. The case 
should then be tapped gently to assist the linkage to adjust itself, and the process 
repeated. If the remaining error is not more than half a millibar (0.015 inch), no 
attempt should be made to remove it by further adjustment. Instead, a correction 
should be applied to the readings. The accuracy of this correction should be checked 
from time to time. 

3705. The barograph (fig. 3705) is a recording barometer. Basically, it is the 
same as a nonrecording aneroid barometer except that the pointer carries a pen at 
its outer end, and the scale is replaced by a slowly rotating cylinder around which a 
prepared chart is wrapped. A clock mechanism inside the cylinder rotates the 
cylinder so that a continuous line is traced on the chart to indicate the pressure at 
any time. 

A marine microbarograph is a precision barograph with greater magnification 
of deformations due to pressure changes, and a correspondingly expanded chart. It 
is designed to maintain its precision through the varied and exacting conditions 
encountered in shipboard use. Two sylphon cells are used, one being mounted over 
the other in tandem. Minor fluctuations due to shocks or vibrations are eliminated 
by damping. Since oil-filled dashpots are used for this purpose, the instrument 
should not be inverted. 

Ship motions are compensated by damping and spring loading which make it 
possible for the microbarograph to be tilted up to 22° without varying more than 0.3 
millibars from true reading. 

The barograph is usually mounted on a shelf or desk in a room open to the 
atmosphere, and in a location which minimizes the effect of the ship’s vibration. 
Shock-absorbing material such as sponge rubber is placed under the instrument to 
minimize the transmission of shocks. 
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The pen should be checked and the inkwell filled each time the chart is 
changed, every week in the case of the barograph, and each 4 days in the case of 
the microbarograph. The dashpots of the microbarograph should be kept filled with 
dashpot oil to within three-eights inch of the top. 

Both instruments require checking from time to time to insure correct indica- 
tion of pressure. The position of the pen is adjusted by a small knob provided for 
this purpose. The adjustment should be made in stages, eliminating half the appar- 
ent error, tapping the case to insure linkage adjustment to the new setting, and 
then repeating the process. 

3706. Adjustment of barometer readings.—Atmospheric pressure as indicated 
by a barometer or barograph may be subject to several errors, as follows: 

Instrument error. Any inaccuracy due to imperfection or incorrect adjustment 
of the instrument can be determined by comparison with a precision instrument. 
The National Weather Service provides a comparison service. In certain U. S. ports 
a Port Meteorological Officer carries a portable precision aneroid barometer for 
barometer comparisons on board ships which participate in the cooperative observa- 
tion program of the National Weather Service. The portable barometer is compared 
with station barometers before and after each ship visit. If a barometer is taken to 
a National Weather Service shore station, the comparison can be made there. The 
correct sea-level pressure can be obtained by telephone. The shipboard barometer 
should be corrected for height, as explained below, before comparison with this 
telephoned value. If there is reason to believe that the barometer is in error, it 
should be compared with a standard, and if an error is found, the barometer should 
be adjusted to the correct reading, or a correction applied to all readings. 

Height error. The atmospheric pressure reading at the height of the barometer 
is called the station pressure and is subject to a height correction in order to make 
it a sea level pressure reading. Isobars adequately reflect wind conditions and 
geographic distribution of pressure only when they are drawn for pressure at 
constant height (or the varying height at which a constant pressure exists). On 
Synoptic charts it is customary to show the equivalent pressure at sea level, called 
sea level pressure. This is found by applying a correction to station pressure. The 
correction, given in table 11, depends upon the height of the barometer and the 
average temperature of the air between this height and the surface. The outside air 
temperature taken aboard ship is sufficiently accurate for this purpose. This is an 
important correction which should be applied to all readings of any type barometer. 

Gravity error. Mercurial barometers are calibrated for standard sea-level gravi- 
ty at latitude 45°32'40". If the gravity differs from this amount, an error is intro- 
duced. The correction to be applied to readings at various latitudes is given in table 
12. This correction does not apply to readings of an aneroid barometer or microbaro- 
graph. Gravity also changes with height above sea level, but the effect is negligible 
for the first few hundred feet, and so is not needed for readings taken aboard ship. 

Temperature error. Barometers are calibrated at a standard temperature of 
32°F. The liquid of a mercurial barometer expands as the temperature of the 
mercury rises, and contracts as it decreases. The correction to adjust the reading of 
the instrument to the true value is given in table 13. This correction is to be applied 
to readings of mercurial barometers only. Modern aneroid barometers are compen- 
sated for temperature changes by the use of different metals having unequal - 
coefficients of linear expansion. 
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3707. Wind measurement consists of determination of the direction from which 
the wind is blowing, and the speed of the wind. Wind direction is measured by a 
wind vane, and wind speed by an anemometer. 

A wind vane consists of a device pivoted on a vertical shaft, with more surface 
area on one side of the pivot than on the other, so that the wind exerts more force 
on one side, causing the smaller end to point into the wind. 

In its simplest form, an anemometer consists of a number of cups mounted on 
short horizontal arms attached to a longer vertical shaft which rotates as the wind 
blows against the cups. The speed at which the shaft rotates is directly proportional 
to the wind speed. 

Several types of wind speed and direction recorders are available. 

If no anemometer is available, wind speed can be estimated by its effect upon 
the sea and objects in its path, as explained in article 3709. 

3708. True and apparent wind.—-An observer aboard a vessel proceeding 
through still air experiences an apparent wind which is from dead ahead and has 
an apparent speed equal to the speed of the vessel. Thus, if the actual or true wind 
is zero and the speed of the vessel is 10 knots, the apparent wind is from dead 
ahead at 10 knots. If the true wind is from dead ahead at 15 knots, and the speed of 
the vessel is 10 knots, the apparent wind is 15+10=25 knots from dead ahead. If 
the vessel makes a 180° turn, the apparent wind is 15—10=5 knots from dead 
astern. 

In any case, the apparent wind is the vector sum (art. 118, vol. ID) of the true 
wind and the reciprocal of the vessel’s course and speed vector. Since wind vanes 
and anemometers measure apparent wind, the usual problem aboard a vessel 
equipped with an anemometer is to convert this to true wind. There are several 
ways of doing this. Perhaps the simplest is by the graphical solution illustrated in 
the following example: 

Example 1.—A ship is proceeding on course 150° at a speed of 17 knots. The 
apparent wind is from 40° off the starboard bow, speed 15 knots. 

Required.—The relative direction, true direction, and speed of the true wind. 

Solution (fig. 3708a).—Starting at the center of a manuevering board or other 
suitable form, draw a line in the relative direction from which the apparent wind is 
blowing. Locate point 1 on this line, at a distance from the center equal to the speed 
of the apparent wind (2:1 scale is used in figure 3708a). From point 1, draw a line 
vertically downward. Locate point 2 on this line at a distance from point 1 equal to 
the speed of the vessel in knots, to the same scale as the first line. The relative 
direction of the true wind is from point 2 (120°) toward the center, and the speed of 
the true wind is the distance of point 2 from the center, to the same scale used 
previously (11 kn.). The true direction of the wind is the relative direction plus the 
true heading, or 120°+150°=270°. 

Answers.—True wind from 120° relative, is 270° true, at 11 knots. 

A quick solution can be made without an actual plot, in the following manner: 
On a maneuvering board, label the circles 5, 10, 15, 20, etc., from the center, and 
draw vertical lines tangent to these circles. Cut out the 5:1 scale and discard that 
part having graduations greater than the maximum speed of the vessel. Keep this 
equipment for all solutions. (For durability, the two parts can be mounted on 
cardboard or other suitable material.) To find true wind, spot in point 1 by eye. 
Place the zero of the 5:1 scale on this point and align the scale (inverted) by means 
of the vertical lines. Locate point 2 at the speed of the vessel as indicated on the 5:1 
scale. It is always vertically below point 1. Read the relative direction and the speed 
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MANEUVERING BOARD 
FiGuRE 3708a.—Finding true wind by maneuvering board. 


of the true wind using eye interpolation if needed. The National Weather Service 
distributes a wind vector computer called a Shipboard Wind Plotter (fig. 3708b). 
Solution by means of this plotter is illustrated in the following example: 

Example 2.—A ship is proceeding on course 270° at a speed of 14.5 knots. The 
apparent wind is from 40° off the starboard bow, speed 20 knots. 

Required.—The relative direction, true direction, and speed of the true wind by 
Shipboard Wind Plotter. 

Solution (fig. 3708b).—The true direction of the apparent wind is determined by 
adding the apparent wind direction to the ship’s heading if the wind is from off the 
starboard bow and subtracting the apparent wind direction if the wind is from off 
the port bow. In this example, the true direction of the apparent wind is 310°. In 
this solution the red arrowhead is considered the top of the plotter. Set ship’s 
course, 270°, to the top of the plotter by rotating the protractor disk to set 270° at 
the red arrow. Using a convenient linear scale, measure vertically downward from 
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FicureE 3708b.—Finding true wind by Shipboard Wind Plotter. 


the center peg of the plotting board a distance equivalent to 14.5 knots. Mark this 
point “S” for ship. Rotate the protractor disk of the plotting board until 310° is at 
board. Using the same linear scale as 


the red arrowhead at the top of the plotting 
for ship’s speed, plot vertically downward from the center peg of the plotting board 
rk this point “W.” Rotate the protractor disk 


a distance equivalent to 20 knots. Ma 

until the “S” is vertically above the “W,” using the vertical lines on the plotting 

board to line up the two points. Read the true wind direction at the top of the 

plotting board. The distance between points “S” and “W” is the true wind speed, 

using the same scale as in plotting points “S” and “W.” 
Answers.—True wind direction ‘is 357°, true wind speed is 18 knots. 


Such problems can be solved by the use of true directions and a regular vector 
ifies the plot because that compo- 


solution, but the use of relative directions simpl 
nent of the apparent wind due to the vessel’s motion is always parallel (but 
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reversed) to the vessel’s motion, and the apparent wind is always forward of the 
true wind. 

A tabular solution based upon the same principle can be made by means of 
table 10. The entering values for this table are the apparent wind speed in units of 
ship’s speed, and the difference between the heading and the apparent wind direc- 
tion. The values taken from the table are the relative direction (right or left) of the 
true wind, and the speed of the true wind in units of ship’s speed. If a vessel is 
proceeding at 12 knots, 6 knots constitutes one-half (0.5) unit, 12 knots one unit, 18 
knots 1.5 units, 24 knots two units, etc. 

Example 3.—A ship is proceeding on course 270° at a speed of 10 knots. The 
apparent wind is from 10° off the port bow, speed 30 knots. 

Required.—The relative direction, true direction, and speed of the true wind by 
table 10. 


Solution.—The apparent wind speed is 


30 
— =3.0 ship’s speed units. 
10 


Enter table 10 with 3.0 and 10° and find the relative direction of the true wind to be 
15° off the port bow (345° relative), and the speed to be 2.02 times the ship’s speed, 
or 2.02 x 10=20 knots, approximately. The true direction is 345° + 270° =255°. 

Answers.—True wind from 345° relative, 255° true, at 20 knots. 

By variations of this problem, one can find the apparent wind from the true 
wind, the course or speed required to produce an apparent wind from a given 
direction or speed, or the course and speed to produce an apparent wind of a given 
speed from a given direction. Such problems arise in aircraft carrier operations. 

Wind speed determined by appearance of the sea (art. 3709) is the speed of the 
true wind. The sea also provides an indication of the direction of the true wind, 
because waves move in the same direction as the generating wind, not being 
deflected by earth rotation (art. 3302). If a wind vane is used, the direction of the 
apparent wind thus determined can be used with the speed of the true wind to 
determine the direction of the true wind by vector diagram. If a maneuvering board 
is used, draw a circle about the center equal to the speed of the true wind. From the 
center, plot the ship’s vector (true course and speed). From the end of this vector 
draw a line in the direction in which the apparent wind is blowing (reciprocal of the 
direction from which it is blowing) until it intersects the speed circle. This line is 
the apparent wind vector, its length denotes the speed. A line from the center of 
the board to the end of the apparent wind vector is the true wind vector. The 
reciprocal of this vector is the direction from which the true wind is blowing. If the 
true wind speed is less than the speed of the vessel, two solutions are possible. If 
solution is by table 10, the true speed, in units of ship’s speed, is found in the 
column for the direction of the apparent wind. The number to the left is the 
relative direction of the true wind. The number on the same line in the side 
columns is the speed of the apparent wind in units of ship’s speed. Again, two 
solutions are possible if true wind speed is less than ship's speed. 

3709. Wind and the sea.—The action of the wind in creating ocean currents and 
waves is discussed in chapters XXXII and XXXIII, respectively. There is a relation- 
ship between the speed of the wind and the state of the sea in the immediate 
vicinity of the wind. This is useful in predicting the sea conditions to be anticipated 
when future wind speed forecasts are available. It can also be used to estimate the 
speed of the wind, which may be desirable when an anemometer is not available. 
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Wind speeds are usually grouped in accordance with the Beaufort scale named 
after Admiral Sir Francis Beaufort, who devised it in 1806. As adopted in 1838, 
Beaufort numbers ranged from 0, calm, to 12, hurricane. The Beaufort scale, with 
certain other pertinent information, is given in appendix V. The appearance of the 
sea at different Beaufort scale numbers from 0 through 10 is shown in appendix W. 

3710. Temperature is the intensity or degree of heat. It is measured in degrees. 
Several different temperature scales are in use. 

On the Fahrenheit (F) scale pure water freezes at 32° and boils at 212°. 

On the Celsius (C) scale commonly used with the metric system, the freezing 
point of pure water is 0° and the boiling point is 100°. This scale, has been known 
by various names in different countries. In the United States it was formerly called 
the centigrade scale. The Ninth General Conference of Weights and Measures, held 
in France in 1948, adopted the name Celsius to be consistent with the naming of 
other temperature scales after their inventors, and to avoid the use of different 
names in different countries. On the original Celsius scale, invented in 1742 by a 
Swedish astronomer named Anders Celsius, the numbering was the reverse of the 
modern scale, 0° representing the boiling point of water, and 100° its freezing point. 

Absolute zero is considered to be the lowest possible temperature, at which 
there is no molecular motion and a body has no heat. For some purposes, it is 
convenient to express temperature by a scale at which 0° is absolute zero. This is 
called absolute temperature. If Fahrenheit degrees are used, it may be called 
Rankine (R) temperature; and if Celsius, Kelvin (K) temperature. The Kelvin scale 
is more widely used than the Rankine. Absolute zero is at (—) 459°69F or (—) 
273° 16C. 

Temperature by one scale can be converted to that at another by means of the 
relationship that exists between the scales. Thus, 


5 
C= —(F—82), 
9 


9 
F= — (C+82) 
5 


and 
K=C+ 273. 16C. 


A temperature of (—) 40° is the same by either the Celsius or Fahrenheit scale. 
Similar formulas can be made for conversion of other temperature scale readings. 
Table 15 gives the equivalent values of Fahrenheit, Celsius, and Kelvin tempera- 
tures. : 

The intensity or degree of heat (temperature) should not be confused with the 
amount of heat. If the temperature of air or some other substance is to be increased 
(the substance made hotter) by a given number of degrees, the amount of heat that 
must be added is dependent upon the amount of the substance to be heated. Also, 
equal amounts of different substances require the addition of unequal amounts of 
heat to effect equal increase in temperature because of their difference of specific 
heat (art. 3012). Units used for measurement of amount of heat are the British 
thermal unit (BTU), the amount of heat needed to raise the temperature of 1 pound 
of water 1° Fahrenheit; and the calorie, the amount of heat needed to raise the 


temperature of 1 gram of water 1° Celsius. 
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3711. Temperature measurement is made by means of a thermometer. Most 
thermometers are based upon the principle that materials expand with increase of 
temperature, and contract as temperature decreases. In its most usual form a 
thermometer consists of a bulb filled with mercury and connected to a tube of very 
small cross-sectional area. The mercury only partly fills the tube. In the remainder 
is a vacuum created during construction of the instrument. The air is driven out by 
boiling the mercury, and the top of the tube is then sealed by a flame. As the 
mercury expands or contracts with changing temperature, the length of the mercu- 
ry column in the tube changes. Temperature is indicated by the position of the top 
of the column of mercury with respect to a scale etched on the glass tube or placed 
on the thermometer support. 

Temperature measuring equipment should be placed in a shelter which protects 
it from mechanical damage and direct rays of the sun. The shelter should have 
louvered sides to permit free access of air. Aboard ship, the shelter should be placed 
in an exposed position as far as practicable from metal bulkheads. On vessels where 
shelters are not available, the temperature measurement should be made in shade 
at an exposed position on the windward side. 

Sea surface temperature observations are used in the forecasting of fog and 
furnish important information about the development and movement of tropical 
cyclones. Commercial fishermen are interested in the sea surface temperature as an 
aid in locating certain species of fish. There are several methods of determining 
seawater temperature. These include engine room intake readings, condenser 
intake readings, thermister probes attached to the hull, and readings from buckets 
recovered from over the side. Although the condenser intake method is not a true 
measure of surface water temperature, the error is generally small. Measurement 
should be made near the entrance of the intake. 

If the temperature of the water at the surface is desired, a sample should be 
obtained by bucket, preferably a canvas bucket, from a forward position well clear 
of any discharge lines. The sample should be taken immediately to a place where it 
is sheltered from wind and sun. The water should then be stirred with the ther- 
mometer, keeping the bulb submerged, until an essentially constant reading is 
obtained. 

A considerable variation in sea surface temperature can be experienced in a 
relatively short distance of travel. This is especially true when crossing major ocean 
currents such as the Gulf Stream and the Kuroshio. Significant variations also 
occur where large quantities of freshwater are discharged from rivers. 

3712. Humidity is the condition of the atmosphere with reference to its water 
vapor content. Relative humidity is the ratio (stated as a percentage) of the pres- 
sure of water vapor present in the atmosphere to the saturation vapor pressure at 
the same temperature. 

As air temperature decreases, the relative humidity increases. At some point, 
saturation takes place, and any further cooling results in condensation of some of 
the moisture. The temperature at which this occurs is called the dew point, and the 
moisture deposited upon natural objects is called dew if it forms in the liquid state, 
or frost if it forms in the frozen state. 

The same process causes moisture to form on the outside of a container of cold 
liquid, the liquid cooling the air in the immediate vicinity of the container until it 
reaches the dew point. When moisture is deposited on man-made objects, it is 
usually called sweat. It occurs whenever the temperature of a surface is lower than - 
the dew point of air in contact with it. It is of particular concern to the mariner 
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because of its effect upon his instruments, and possible damage to his ship or its 
cargo. Lenses of optical instruments may sweat, usually with such small droplets 
that the surface has a “frosted” appearance. When this occurs, the instrument is 
said to “fog” or “fog up,” and is useless until the moisture is removed. Damage is 
often caused by corrosion or direct water damage when pipes sweat and drip, or 
when the inside of the shell plates of a vessel sweat. Cargo may sweat if it is cooler 
than the dew point of the air. One of the principal problems of preserving ships of 
the reserve fleet is the protection against moisture. An important step is the 
draining of all water, sealing of compartments, and drying of the air. 

Clouds and fog form by “sweating” of minute particles of dust, salt, etc., in the 
air. Each particle forms a nucleus around which a droplet of water forms. If air is 
completely free from solid particles on which water vapor may condense, the extra 
moisture remains in the vapor state, and the air is said to be supersaturated. 

Relative humidity and dew point are measured by means of a hygrometer. The 
most common type, called a psychrometer, consists of two thermometers mounted 
together on a single strip of material, as shown in figure 3712a. One of the 
thermometers is mounted a little lower than the other, and has its bulb covered 
with muslin. When the muslin covering is thoroughly moistened and the thermome- 
ter well ventilated, evaporation cools the bulb of the thermometer, causing it to 
indicate a lower reading than the other. A sling psychrometer, illustrated in figure 
3712a, is ventilated by whirling the thermometers. Dry-bulb temperature is indicat- 
ed by the uncovered dry-bulb thermometer, and wet-bulb temperature is indicated 
by the muslin-covered wet-bulb thermometer. The difference between these two 
temperatures, and the dry-bulb temperature, are used to enter psychrometric 
tables to find the relative humidity (tab. 16) and dew point (tab. 17). If the wet-bulb 
temperature is above freezing, reasonably accurate results can be obtained by a 
psychrometer consisting of wet- and dry-bulb thermometers mounted so that air can 
circulate freely around them without special ventilation. This type of installation is 
common aboard ship. 


Ficure 3712a.—A sling psychrometer. 


Example.—The dry-bulb temperature is 65°F and the wet-bulb temperature is 
61°F. 

Required.—(1) Relative humidity, (2) dew point. 

Solution.—The difference between readings is 4°. Entering table 16 with this 
value and a dry-bulb temperature of 65°, the relative humidity is found to be 80 
percent. From table 17 the dew point is found to be 58°. 

Answers.—(1) Relative humidity 80 percent, (2) dew point 58°. 

Also in use aboard many ships is the electric psychrometer (fig. 3712b). This is 
a handheld, battery operated instrument with two mercury thermometers for ob- 
taining dry- and wet-bulb temperature readings. It consists of a plastic housing that 


894 WEATHER OBSERVATIONS 


holds the thermometers, batteries, motor, and fan. Although the electric psychrome- 
ter is constructed primarily of non-corrodible materials, prolonged exposure to the 
marine environment will shorten the life of the instrument. 


FIGURE 3712b.—Electric psychrometer. 


3713. Clouds are visible assemblages of numerous tiny droplets of water, or ice 
crystals, formed by condensation of water vapor in the air, with the bases of the 
assemblages above the surface of the earth. Fog is a similar assemblage in contact 
with the surface of the earth. 

The shape, size, height, thickness, and nature of a cloud depend upon the 
conditions under which it is formed. Therefore, clouds are indicators of various 
processes occurring in the atmosphere. The ability to recognize different types and 
a knowledge of the conditions associated with them are useful in predicting future 
weather. 

Although the variety of clouds is virtually endless, they may be classified 
according to general type. Clouds are grouped generally into three “families” ac- 
cording to some common characteristic. High clouds are those having a mean lower 
level above 20,000 feet. They are composed principally of ice crystals. Middle clouds. 
have a mean level between 6,500 and 20,000 feet. They are composed largely of 


WEATHER OBSERVATIONS 895 


water droplets, although the higher ones have a tendency toward ice particles. Low 
clouds have a mean lower level of less than 6,500 feet. These clouds are composed 
entirely of water droplets. 

Within these 38 families are 10 principal cloud types. The names of these are 
composed of various combinations and forms of the following basic words, all from 
Latin: 

Cirrus, meaning “curl, lock, or tuft of hair.” 

Cumulus, meaning “heap, a pile, an accumulation.” 

Stratus, meaning “spread out, flatten, cover with a layer.” 

Alto, meaning “high, upper air.” 

Nimbus, meaning “rainy cloud.” 

Individual cloud types recognize certain characteristics, variations, or combina- 
tions of these. The 10 principal cloud types are: 

High clouds. Cirrus (Ci) are detached high clouds of delicate and fibrous ap- 
pearance, without shading, generally white in color, and often of a silky appearance 
(figs. 8713a and 3713d). Their fibrous and feathery appearance is due to the fact 
that they are composed entirely of ice crystals. Cirrus appear in varied forms such 
as isolated tufts; long, thin lines across the sky; branching, feather-like plumes; 
curved wisps which may end in tufts, etc. These clouds may be arranged in parallel 
bands which cross the sky in great circles and appear to converge toward a point on 
the horizon. This may indicate, in a general way, the direction of a low pressure 
area. Cirrus may be brilliantly colored at sunrise and sunset. Because of their 
height, they become illuminated before other clouds in the morning, and remain 
lighted after others at sunset. Cirrus are generally associated with fair weather, but 
if they are followed by lower and thicker clouds, they are often the forerunner of 
rain or snow. 

Cirrocumulus (Cc) are high clouds composed of small white flakes or scales, or 
of very small globular masses, usually without shadows and arranged in groups of 
lines, or more often in ripples resembling those of sand on the seashore (fig. 8713b). 
One form of cirrocumulus is popularly known as ‘mackerel sky” because the 
pattern resembles the scales on the back of a mackerel. Like cirrus, cirrocumulus 
are composed of ice crystals and are generally associated with fair weather, but 
may precede a storm if they thicken and lower. They may turn gray and appear 
hard before thickening. 

Cirrostratus (Cs) are thin, whitish, high clouds (fig. 3718c) sometimes covering 
the sky completely and giving it a milky appearance and at other times presenting, 
more or less distinctly, a formation like a tangled web. The thin veil is not 
sufficiently dense to blur the outline of sun or moon. However, the ice crystals of 
which the cloud is composed refract the light passing through in such a way that 
halos (art. 3818) may form with the sun or moon at the center. Figure 3713d shows 
cirrus thickening and changing into cirrostratus. In this form it is popularly known 
as “mares’ tails.” If it continues to thicken and lower, the ice crystals melting to 
form water droplets, the cloud formation is known as altostratus. When this occurs, 
rain may normally be expected within 24 hours. The more brushlike the cirrus 
when the sky appears as in figure 37 13d, the stronger the wind at the level of the 
cloud. 

Middle clouds. Altocumulus (Ac) are middle clouds consisting of a layer of 
large, ball-like masses that tend to merge together. The balls or patches may vary 
in thickness and color from dazzling white to dark gray, but they are more or less 
regularly arranged. They may appear as distinct patches (fig. 3718e) similar to 
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Ficure 3713a.—Cirrus. 


Ficure 3713b.—Cirrocumulus. 


FIGuRE 3718c.—Cirrostratus. 


Figure 3713d.—Cirrus and cirrostratus. 


cirrocumulus (fig. 8713b) but can be distinguished by the fact that individual patch- 
es are generally larger, and show distinct shadows in some places. They are often 
mistaken for stratocumulus (fig. 3713i). If this form thickens and lowers, it may 
produce thundery weather and showers, but it does not bring prolonged bad weath- 
er. Sometimes the patches merge to form a series of big rolls that resemble ocean 
waves, but with streaks of blue sky (fig. 3713f). Because of perspective, the rolls 
appear to run together near the horizon. These regular parallel bands differ from 
cirrocumulus in that they occur in larger masses with shadows. These clouds move - 
in the direction of the short dimension of the rolls, as do ocean waves. Sometimes 
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altocumulus appear briefly in the form shown in figure 3713g, usually before a 
thunderstorm. They are generally arranged in a line with a flat horizontal base 
giving the impression of turrets on a castle. The turreted tops may look ike 
miniature cumulus and possess considerable depth and great length. These clouds 
usually indicate a change to chaotic, thundery skies. | 


Figure 3713g.—Turreted altocumulus. 


Altostratus (As) are middle clouds having the appearance of a grayish or 
bluish, fibrous veil or sheet (fig. 8713h). The sun or moon, when seen through these 
clouds, appears as if it were shining through ground glass, with a corona (art. 3819) 
around it. Halos are not formed. If these clouds thicken and lower, or if low, ragged 
“scud” or rain clouds (nimbostratus) form below them, continuous rain or snow may 
be expected within a few hours. 

Low clouds. Stratocumulus (Se) are low clouds composed of soft, gray, roll- 
shaped masses (fig. 3713i). They may be shaped in long, parallel rolls similar to 
altocumulus (fig. 3718f), moving forward with the wind. The motion is in the 
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FIGURE 3713h.—Alltostratus. 


direction of their short dimension, like ocean waves. These clouds, which vary 
greatly in altitude, are the final product of the characteristic daily change that 
takes place in cumulus clouds. They are usually followed by clear skies during the 
night. 

Stratus (St) is a low cloud in a uniform layer (fig. 3713j) resembling fog. Often 
the base is not more than 1,000 feet high. A veil of thin stratus gives the sky a hazy 
appearance. Stratus is often quite thick, permitting so little sunlight to penetrate 
that it appears dark to an observer below it. From above, it looks white. Light mist 
may descend from stratus. Strong wind sometimes breaks stratus into shreds called 
“fractostratus.”’ 

Nimbostratus (Ns) is a low, dark, shapeless cloud layer, usually nearly uniform, 
but sometimes with ragged, wet-looking bases. Nimbostratus is the typical rain 
cloud. The precipitation which falls from this cloud is steady or intermittent, but 
not showery. 


FIGURE 37 13i.—Stratocumulus. 


Figure 3713j.—Stratus. 


Cumulus (Cu) are dense clouds with vertical development (clouds formed by 
rising air which is cooled as it reaches greater heights). They have a horizontal base 
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Ficgure 3718k.—Cumulus. 


ete 


FicureE 3713].—Cumulonimbus. 


and dome-shaped upper surface, with protuberances extending above the dome. 
Cumulus appear in small patches, and never cover the entire sky. When the 
vertical development is not great, the clouds appear in patches resembling tufts of 
cotton or wool, being popularly called “woolpack”’ clouds (fig. 3718k). The horizontal 
bases of such clouds may not be noticeable. These are called “fair weather” cumu- 
lus because they always accompany good weather. However, they may merge with 
altocumulus, or may grow to cumulonimbus before a thunderstorm. Since cumulus 
are formed by updrafts, they are accompanied by turbulence, causing “bumpiness” 
in the air. The extent of turbulence is proportional to the vertical extent of the 
clouds. Cumulus are marked by strong contrasts of light and dark. 

Cumulonimbus (Cb) is a massive cloud with great vertical development, rising 
in mountainous towers to great heights (fig. 37131). The upper part consists of ice 
crystals, and often spreads out in the shape of an anvil which may be seen at such 
distances that the base may be below the horizon. Cumulonimbus often produces 
showers of rain, snow, or hail, frequently accompanied by thunder. Because of this, 
the cloud is often popularly called a “thundercloud” or “thunderhead.” The base is 
horizontal, but as showers occur it lowers and becomes ragged. 

3714. Cloud height measurement.—At sea, cloud heights are often determined 
by estimate. This is a difficult task, particularly at night. 

The height of the base of clouds formed by vertical development (any form of 
cumulus), if formed in air that has risen from the surface of the earth, can be 
determined by psychrometer, because the height to which the air must rise before 
condensation takes place is proportional to the difference between surface air 
temperature and the dew point. At sea, this difference multiplied by 236 gives the 
height in feet. That is, for every degree difference between surface air temperature 
and the dew point, the air must rise 236 feet before condensation will take place. 
Thus, if the dry-bulb temperature is 80°F, and the wet-bulb temperature is 77°F, the 
dew point (from tab. 17) is 76°F, or 4° lower than the surface air temperature. The 
height of the cloud base is 4x 236=—944 feet. 
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715. Visibility measurement.—Visibility is the extreme horizontal distance at 
which prominent objects can be seen and identified by the unaided eye. It is usually 
measured directly by the human eye. Ashore, the distances of various buildings, 
trees, lights, and other objects are measured and used as a guide in estimating the 
visibility. At sea, however, such an estimate is difficult to make with accuracy. 
Other ships and the horizon may be of some assistance. 

Ashore, visibility is sometimes measured by a transmissometer, a device which 
measures the transparency of the atmosphere by passing a beam of light over a 
known short distance, and comparing it with a reference light. 

3716. Upper air observations.—Upper air information provides the third dimen- 
sion to the weather map. Unfortunately, the equipment necessary to obtain such 
information is quite expensive, and the observations are time consuming. Conse- 
quently, the network of observing stations is quite sparse compared to that for 
surface observations, particularly over the oceans and in isolated land areas. Where 
facilities exist, upper air observations are made by means of unmanned balloons in 
conjunction with theodolites, radiosondes, radar, and radio direction finders. 

3717. Storm detection radar.—During World War II, it was found that certain 
radar equipment gave an indication of weather fronts (art. 3811) and precipitation 
areas. It was of particular value near hurricanes and typhoons. Since the close of 
that war a great amount of work has been done in perfecting radar equipment for 
use in weather observation. It has proved of immense value in detecting, tracking, 
and interpreting weather activity out to a distance of as much as 400 miles from 
the observing station. 

3718. Automated weather stations and buoy systems provide regular transmis- 
sions of meteorological and oceanographic information by radio. They are generally 
used at isolated and relatively inaccessible locations from which weather and ocean 
data are of great importance. Depending on the type of system used, the elements 
usually measured include wind direction and speed, atmospheric pressure, air and 
sea surface temperature, spectral wave data, and a temperature profile from the 
sea surface to a predetermined depth. 

3719. Recording observations.—Instructions for recording weather observations 
aboard vessels of the U.S. Navy are given in NAVOCEANCOMINST 3144.1 (series), 
Manual for Ship’s Surface Weather Observations. Instructions for recording observa- 
tions aboard merchant vessels are given in Weather Service Observing Handbook 
No. 1, Marine Surface Observations. 


Problems 


3708a. A ship is proceeding on course 180° at a speed of 22 knots. The apparent 
wind is from 70° off the port bow, speed 20 knots. 

Required.—The relative direction, true direction, and speed of the true wind by 
maneuvering board or the National Weather Service plotter. 

Answers.—True wind from 231° relative, 051° true, at 24.3 knots. 

3708b. A ship is proceeding on course 050° at a speed of 13.5 knots. The 
apparent wind is from broad on the starboard bow, speed 20 knots. 

Required.—The relative direction, true direction, and speed of the true wind by 
table 10. 

Answers.—True wind from 086° relative, 136° true, at 14.3 knots. 


—— 


3708c. A ship is proceeding on course 020° at a speed of 16 knots. The true wind - 


is estimated to be from 110° on the port bow, speed 10 knots. 
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Required.—The relative direction, true direction, and speed of the apparent 
wind by maneuvering board or the National Weather Service plotter. 

Answers.—Apparent wind from 323° relative, 348° true, at 15.6 knots. 

3708d. A ship is proceeding on course 190° at a speed of 14 knots. The true wind 
is estimated to be from broad on the starboard quarter, speed 20 knots. 

Required.—The relative direction, true direction, and speed of the apparent 
wind by table 10. 

Answers.—Apparent wind from 090° relative, 280° true, at 14.0 knots. 

3708e. The true wind has been determined to be from 210°, speed 12 knots. The 
captain of an aircraft carrier desires an apparent wind of 30 knots from 10° on the 
port bow for launching aircraft. 

Required.—The course and speed of the aircraft carrier. 

Answers.—C 235°, S 18.6 kn. (The required apparent wind could also be pro- 
duced by C 005°, S 40.5 kn.) 

3708f. A ship is proceeding on course 255° at a speed of 15 knots. The wind vane 
indicates the apparent wind is broad on the starboard beam. From the appearance 
of the sea the navigator estimates the speed of the true wind as Beaufort 5 (19 
knots). 

Required.—(1) Relative and true directions of the true wind, (2) speed of the 
apparent wind. Use the maneuvering board. 

Answers.—(1) True wind from 142° relative, 037° true; (2) apparent wind speed 
11.6 knots. 

3708g. A ship is proceeding on course 135° at a speed of 18 knots. The wind 
vane indicates the apparent wind is 40° on the starboard bow. From the appearance 
of the sea the navigator estimates the speed of the true wind as Beaufort 6 (24.5 
knots). 

Required.—(1) Relative and true directions of the true wind, (2) speed of the 
apparent wind. Use table 10. 

Answers.—(1) True wind from 069° relative, 204° true; (2) apparent wind speed 
36 knots. 

3708h. A ship is proceeding on course 330° at a speed of 20 knots. The wind 
vane indicates the apparent wind is 30° on the port bow. From the appearance of 
the sea the navigator estimates the speed of the true wind as Beaufort 4 (13.5 
knots). 

Required.—(1) Relative and true directions of the true wind, (2) speed of the 
apparent wind. Solve first by maneuvering board and then by table 10. 

Answers.—Graphical solution: (1) true wind from 199° relative, 169° true or 
from 282° relative, 252° true; (2) apparent wind speed 8.5 knots or 26.3 knots. Table 
10 solution: (1) true wind from 197° relative, 167° true or from 283° relative, 253° 
true; (2) apparent wind speed 8.0 knots or 26.0 knots. 

3712. The dry-bulb temperature is 41°F and the wet-bulb temperature is 35°F. 

Required.—(1) Relative humidity, (2) dew point. 

Answers.—(1) Relative humidity 53 percent, (2) dew point 26°. 

3714a. The dry-bulb temperature is 7 2°F and the wet-bulb temperature is 58°F. 

Required.—Height of the base of cumulonimbus clouds formed in air which has 
risen from the surface of the sea. 

Answer.—Height 5,900 feet. 
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CHAPTER XXXVIII 


WEATHER ELEMENTS 


3801. Introduction.—Weather is the state of the earth’s atmosphere with re- 
spect to temperature, humidity, precipitation, visibility, cloudiness, etc. In contrast, 
the term climate refers to the prevalent or characteristic meteorological conditions 
of a place or region. 

All weather may be traced ultimately to the effect of the sun on the earth, 
including the lower portions of the atmosphere. Most changes in weather involve 
large-scale, approximately horizontal, motion of air. Air in such motion is called 
wind. This motion is produced by differences of atmospheric pressure, which are 
attributable both to differences of temperature and the nature of the motion itself. 

The weather is of considerable interest to the mariner. The wind and state of 
the sea affect dead reckoning. Reduced horizontal visibility limits piloting. The state 
of the atmosphere affects electronic navigation and radio communication. If the 
skies are overcast, visual celestial observations are not available; and under certain 
conditions refraction and dip are disturbed. When wind was the primary motive 
power, knowledge of the areas of favorable winds was of great importance. This 
consideration led Matthew Fontaine Maury, more than a century ago, to seek 
information from ships’ logs to establish speed and direction of prevailing winds 
over the various trade routes of the world. The information thus gathered was 
shown on pilot charts. By means of these charts, the mariner could select a suitable 
route for a favorable passage. Even power vessels are affected considerably by wind 
and sea. Less fuel consumption and a more comfortable passage are to be expected 
if wind and sea are moderate and favorable. Pilot charts are useful in selecting 
suitable routes. 

Optimizing ship speed and safety by taking advantage of favorable wind and 
sea conditions has become practicable with the advent of extended range forecast- 
ing techniques. These techniques and the procedures used in ship weather routing 
are discussed in chapter XXIV. . 

3802. The atmosphere is a relatively thin shell of air, water vapor, dust, smoke, 
etc., surrounding the earth. The air is a mixture of transparent gases and, like any 
gas, is elastic and highly compressible. Although extremely light, it has a definite 
weight which can be measured. A cubic foot of air at standard sea-level tempera- 
ture and pressure weighs 1.22 ounces, or about 1/817th part of the weight of an 
equal volume of water. Because of this weight, the atmosphere exerts a pressure 
upon the surface of the earth, amounting to about 15 pounds per square inch. 

As altitude increases, less atmosphere extends upward, and pressure decreases. 
With less pressure, the density decreases. More than three-fourths of the air is 
concentrated within a layer averaging about 7 statute miles thick, called the 
troposphere. This is the region of most “weather,” as the term is commonly under- 
stood. 

The top of the troposphere is marked by a thin transition zone called the 
tropopause, immediately above which is the stratosphere. Beyond this lie several 
other layers having distinctive characteristics. The average height of the tropopause 
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ranges from about 5 miles or less at high latitudes to about 10 miles at low 
latitudes. 

The standard atmosphere is a conventional vertical structure of the atmos- 
phere characterized by a standard sea-level pressure of 29.92 inches of mercury 
(1018.25 millibars) and a sea-level temperature of 59°F (15°C), the rate of tempera- 
ture decreases with height (i.e., standard lapse rate) being a uniform 3°6F (2°C) per 
thousand feet to 11 kilometers (36,089 feet) and thereafter a constant temperature 
of (—)69°7F (—56°5C). 

With the aid of weather satellite observations, meteorologists are continually 
learning more of the atmospheric processes in the troposphere and stratosphere as 
they affect weather at sea. In recent years research has indicated that the jet 
stream is an important entity in relation to the sequence of weather. The jet stream 
refers to relatively strong (>60 knots) quasi-horizontal winds usually concentrated 
within a restricted layer of the atmosphere. Although jet stream winds can occur at 
any level and geographic location and from any direction, the term is most often 
associated with mid-latitude winds with maximum speeds from 270° (+45°). Such 
winds, called polar jet stream winds, average 90 knots maximum, but speeds up to 
200 knots may occur in the winter season. 

3803. General circulation of the atmosphere.—The heat required for warming 
the air is supplied originally by the sun. As radiant energy from the sun arrives at 
the earth, about 29 percent is reflected back into space by the earth and its 
atmosphere, 19 percent is absorbed by the atmosphere, and the remaining 52 
percent is absorbed by the surface of the earth, much of which is reradiated back 
into space. This earth radiation is in comparatively long waves relative to the short- 
wave radiation from the sun, since it emanates from a cooler body. Long-wave 
radiation, being readily absorbed by the water vapor in the air, is primarily respon- 
sible for the warmth of the atmosphere near the earth’s surface. Thus, the atmos- 
phere acts much like the glass on the roof of a greenhouse. It allows part of the 
incoming solar radiation to reach the surface of the earth, but is heated by the 
terrestrial radiation passing outward. Over the entire earth and for long periods of 
time, the total outgoing energy must be equivalent to the incoming energy (minus 
any converted to another form and retained), or the temperature of the earth, 
including its atmosphere, would steadily increase or decrease. In local areas, or over 
relatively short periods of time, such a balance is not required, and in fact does not 
exist, resulting in changes such as those occurring from one year to another in 
different seasons and in different parts of the day. 

As shown in figure 1419b, the more nearly perpendicular the rays of the sun 
strike the surface of the earth, the more heat energy per unit area is received at 
that place. Physical measurements show that in the Tropics more heat per unit 
area is received than is radiated away, and that in polar regions the opposite is 
true. Unless there were some process to transfer heat from the Tropics to polar 
regions, the Tropics would be much warmer than they are, and the polar regions 
would be much colder. Atmospheric motions bring about the required transfer of 
heat. The oceans also participate in the process, but to a lesser degree. 

If the earth had a uniform surface and did not rotate on its axis, with the sun 
following its normal path across the sky (solar heating increasing with decreasing 
latitude), a simple circulation would result, as shown in figure 3803a. However, the 
surface of the earth is far from uniform, being covered with an irregular distribu- 
tion of land of various heights, and water; the earth rotates about its axis once in - 
approximately 24 hours, so that the portion heated by the sun continually changes; 
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and the axis of rotation is tilted so that as the earth moves along its orbit about the 
sun, seasonal changes occur in the exposure of specific areas to the sun’s rays, 
resulting in variations in the heat balance of these areas. These factors, coupled 
with others, result in constantly changing large-scale movements of air. For exam- 
ple, the rotation of the earth exerts an apparent force, known as Coriolis force, 
which diverts the air from a direct path between high and low pressure areas. The 
diversion of the air is toward the right in the Northern Hemisphere and toward the 
left in the Southern Hemisphere. At some distance above the surface of the earth, 
the wind tends to blow along the isobars, being called the geostrophic wind if the 
isobars are straight (great circles), and gradient wind if they are curved. Near the 
surface of the earth, friction tends to divert the wind from the isobars toward the 
center of low pressure. At sea, where friction is less than on land, the wind follows 
the isobars more closely. 


NORTH POLE 


POLAR REGION 
Area of Least Heating 


EQUATORIAL REGION 
Area of Greatest Heating 


POLAR REGION 
Area of Least Heating 


SOUTH POLE 


FIGURE 3803a.—Ideal atmospheric circulation for a uniform and nonrotating earth. 


A simplified diagram of the general circulation pattern is shown in figure 
3803b. Figures 3808c and 3803d give a generalized picture of the world’s pressure 
distribution and wind systems as actually observed. . : 

The change in pressure with horizontal distance is called pressure gradient. It 
is maximum along a normal (perpendicular) to the isobars. A force results which is 
called pressure gradient force and is always directed from high to low pressure. 
Speed of the wind as illustrated in figures 3803c and 3803d is approximately 
proportional to this pressure gradient. 

3804. The Doldrums.—The belt of low pressure at the surface near the equator 
occupies a position approximately midway between high pressure belts at about 
latitude 30° to 35° on each side. Except for significant intradiurnal changes, the 
atmospheric pressure along the equatorial low is almost uniform. With minimal 
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pressure gradient, wind speeds are light and directions are variable. Hot, sultry 
days are common. The sky is often overcast, and showers and thundershowers are 
relatively frequent; in these disturbed areas, brief periods of strong wind occur. 
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Figure 3803b.—Simplified diagram of the general circulation of the atmosphere. 


The area involved is a thin belt near the equator, the eastern part in both the 
Atlantic and Pacific being wider than the western part. However, both the position 
and extent of the belt vary with longitude and season. During all seasons in the 
Northern Hemisphere, the belt is centered in the eastern Atlantic and Pacific; 
however, there are wide excursions of the doldrums regions at longitudes with 
considerable landmass. On the average, the position is at 5°N, frequently called the 
meteorological equator. 

3805. The trade winds at the surface blow from the belts of high pressure 
toward the equatorial belts of low pressure. Because of the rotation of the earth, the 
moving air is deflected toward the west. Therefore, the trade winds in the Northern 
Hemisphere are from the northeast and are called the northeast trades, while those 
in the Southern Hemisphere are from the southeast and are called the southeast 
trades. The trade-wind directions are best defined over eastern ocean areas. 

The trade winds are generally considered among the most constant of winds, 
blowing for days or even weeks with little change of direction or speed. However, at 
times they weaken or shift direction, and there are regions where the general 
pattern is disrupted. A notable example is found in the island groups of the South 
Pacific, where the trades are practically nonexistent during January and February. 
Their best development is attained in the South Atlantic and in the South Indian 
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Ocean. In general, they are stronger during the winter than during the summer 
season. 

In July and August, when the belt of equatorial low pressure moves to a 
position some distance north of the equator, the southeast trades blow across the 
equator, into the Northern Hemisphere, where the earth’s rotation diverts them 
toward the right, causing them to be southerly and southwesterly winds. The 
“Southwest monsoons” of the African and Central American coasts have their 
origin partly in such diverted southeast trades. 

Cyclones (art. 3812) from the middle latitudes rarely enter the regions of the 
trade winds, although tropical cyclones (ch. XXXIX) originate within these areas. 

3806. The horse latitudes.—Along the poleward side of each trade-wind belt, 
and corresponding approximately with the belt of high pressure in each hemi- 
sphere, is another region with weak pressure gradients and correspondingly light, 
variable winds. These are called the horse latitudes. The weather is generally good 
although low clouds are common. Compared to the doldrums, periods of stagnation 
in the horse latitudes are less persistent, being of a more intermittent nature. The 
difference is due primarily to the fact that rising currents of warm air in the 
equatorial low carry large amounts of moisture which condenses as the air cools at 
higher levels, while in the horse latitudes the air is apparently descending and 
becoming less humid as it is warmed at lower heights. 

3807. The prevailing westerlies.—On the poleward side of the high pressure belt 
in each hemisphere the atmospheric pressure again diminishes. The currents of air 
set in motion along these gradients toward the poles are diverted by the earth’s 
rotation toward the east, becoming southwesterly winds in the Northern Hemi- 
sphere and northwesterly in the Southern Hemisphere. These two wind systems are 
known as the prevailing westerlies of the temperate zones. 

In the Northern Hemisphere this relatively simple pattern is distorted consid- 
erably by secondary wind circulations, due primarily to the presence of large 
landmasses. In the North Atlantic, between latitudes 40° and 50°, winds blow from 
some direction between south and northwest during 74 percent of the time, being 
somewhat more persistent in winter than in summer. They are stronger in winter, 
too, averaging about 25 knots (Beaufort 6) as compared with 14 knots (Beaufort 4) in 
the summer. 

In the Southern Hemisphere the westerlies blow throughout the year with a 
steadiness approaching that of the trade winds (art. 3805). The speed, though 
variable, is generally between 17 and 27 knots (Beaufort 5 and 6). Latitudes 40°S to 
50°S (or 55°S) where these boisterous winds occur, are called the roaring forties. 
These winds are strongest at about latitude 50°S. 

The greater speed and persistence of the westerlies in the Southern Hemi- 
sphere are due to the difference in the atmospheric pressure pattern, and its 
variations, from that of the Northern Hemisphere. In the comparatively landless 
Southern Hemisphere, the average yearly atmospheric pressure diminishes much 
more rapidly on the poleward side of the high pressure belt, and has fewer irregu- 
larities due to continental interference, than in the Northern Hemisphere. 

3808. Winds of polar regions.—Partly because of the low temperatures near 
the geographical poles of the earth, the surface pressure tends to remain higher 
than in surrounding regions. Consequently, the winds blow outward from the poles, 
and are deflected westward by the rotation of the earth, to become northeasterlies 
in the Arctic, and southeasterlies in the Antarctic. Where the polar easterlies meet 
the prevailing westerlies, near 50°N and 50°S on the average, a discontinuity in 
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temperature and wind exists. This discontinuity is called the polar front. Here the 
warmer low-latitude air ascends over the colder polar air creating a zone of cloudi- 
ness and precipitation. 

In the Arctic, the general circulation is greatly modified by surrounding land- 
masses. Winds over the Arctic Ocean are somewhat variable, and strong surface 
winds are rarely encountered. 

In the Antarctic, on the other hand, a high central landmass is surrounded by 
water, a condition which augments, rather than diminishes, the general circulation. 
The high pressure, although weaker than in the horse latitudes, is stronger than in 
the Arctic, and of great persistence especially in eastern Antarctica. The cold air 
from the plateau areas moves outward and downward toward the sea and is 
deflected toward the west by the earth’s rotation. The katabatic winds (art. 3813) 
remain strong throughout the year, frequently attaining hurricane force near the 
base of the mountains. These are some of the strongest surface winds encountered 
anywhere in the world, with the possible exception of those in well-developed 
tropical cyclones (ch. XX XIX). 

3809. Modifications of the general circulation.—The general circulation of the 
atmosphere as described in articles 3803-3808 is greatly modified by various condi- 
tions. 

The high pressure in the horse latitudes is not uniformly distributed around 
the belts, but tends to be accentuated at several points, as shown in figures 3803b 
and 3803c. These semipermanent highs remain at about the same places with great 
persistence. 

Semipermanent lows also occur in various places, the most prominent ones 
being west of Iceland, and over the Aleutians (winter only) in the Northern Hemi- 
sphere, and in the Ross Sea and Weddell Sea in the antarctic areas. The regions 
occupied by these semipermanent lows are sometimes called the graveyards of the 
lows, since many lows move directly into these areas and lose their identity as they 
merge with and reinforce the semipermanent lows. The low pressure in these areas 
is maintained largely by the migratory lows which stall there, with topography also 
important, especially in Antarctica. 

Another modifying influence is land, which undergoes greater temperature 
changes than does the sea. During the summer, a continent is warmer than its 
adjacent oceans. Therefore, low pressures tend to prevail over the land. If a climato- 
logical belt of high pressure encounters a continent, its pattern is distorted or 
interrupted, whereas a belt of low pressure is intensified over the same area. In 
winter, the opposite effect takes place, belts of high pressure being intensified over 
land and those of low pressure being weakened. 

The most striking example of a wind system produced by the alternate heating 
and cooling of a landmass is the monsoons (seasonal wind) of the China Sea and 
Indian Ocean. A portion of this effect is shown in figures 3809a and 3809b. In the 
summer (fig. 3809a), low pressure prevails over the warm continent of Asia, and 
relatively higher pressure prevails over the adjacent sea. Between these two sys- 
tems the wind blows in a nearly steady direction. The lower portion of the pattern 
is in the Southern Hemisphere, extending to about 10° south latitude. Here the 
rotation of the earth causes a deflection to the left, resulting in southeasterly winds. 
As they cross the equator, the deflection is in the opposite direction, causing them 
to curve toward the right, becoming southwesterly winds. In the winter (fig. 83809b), 
the positions of high and low pressure areas are interchanged, and the direction of 
flow is reversed. 
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FIGURE 3809a.—The summer monsoon. Ficure 3809b.—The winter monsoon. 


In the China Sea the summer monsoon blows from the southwest, usually from 
May to September. The strong winds are accompanied by heavy squalls and thun- 
derstorms, the rainfall being much heavier than during the winter monsoon. As the 
season advances, squalls and rain become less frequent. In some places the wind 
becomes a light breeze which is unsteady in direction, or stops altogether, while in 
other places it continues almost undiminished, with changes in direction or calms 
being infrequent. The winter monsoon blows from the northeast, usually from 
October to April. It blows with a steadiness similar to that of the trade winds, often 
attaining the speed of a moderate gale (28-33 knots). Skies are generally clear 
during this season, and there is relatively little rain. 

The general circulation is further modified by winds of cyclonic origin (art. 
3812), and various local winds (art. 3813). 

3810. Airmasses.—Because of large differences in physical characteristics of the 
earth’s surface, particularly the oceanic and continental contrasts, the air overlying 
these surfaces acquires differing values of temperature and moisture. The processes 
of radiation and convection in the lower portions of the troposphere act in differing 
characteristic manners for a number of well-defined regions of the earth. The air 
overlying these regions acquires characteristics common to the particular area, but 
contrasting to those of other areas. Each distinctive part of the atmosphere, within 
which common characteristics prevail over a reasonably large area, is called an 
airmass. 

Airmasses are named according to their source regions. Four such regions are 
generally recognized: (1) equatorial (E), the doldrum area between the north and 
south trades; (2) tropical (T), the trade wind and lower temperate regions; (3) polar 
(P), the higher temperate latitudes; and (4) arctic or antarctic (A), the north or south 
polar regions of ice and snow. This classification is a general indication of relative 
temperature, as well as latitude of origin. 

Airmasses are further classified as maritime (m) or continental (c), depending 
upon whether they form over water or land. This classification is an indication of 
the relative moisture content of the airmass. Tropical air, then, might be designated 
maritime tropical (m7) or continental tropical (cT). Similarly, polar air may be 
either maritime polar (mP) or continental polar (cP). Arctic/ antarctic air, due to the 
predominance of landmasses and ice fields in the high latitudes, is rarely maritime 
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arctic (mA). Equatorial air is found exclusively over the ocean surface and is 
designated neither (cE) nor (mE), but simply (£). 

A third classification sometimes applied to tropical and polar airmasses indi- 
cates whether the airmass is warm (w) or cold (k) relative to the underlying surface. 
Thus, the symbol mTw indicates maritime tropical air which is warmer than the 
underlying surface, and cPk indicates continental polar air which is colder than the 
underlying surface. The w and & classifications are primarily indications of stability 
(i.e., change of temperature with increasing height). If the air is cold relative to the 
surface, the lower portion of the airmass is being heated, resulting in instability 
(temperature markedly decreases with increasing height) as the warmer air tends 
to rise by convection. Conversely, if the air is warm relative to the surface, the 
lower portion of the airmass is cooled, tending to remain close to the surface. This 
is a stable condition (temperature increases with increasing height). 

Two other types of airmasses are sometimes recognized. These are monsoon (M), 
a transitional form between cP and E; and superior (S), a special type formed in the 
free atmosphere by the sinking and consequent warming of air aloft. 

3811. Fronts.—As airmasses move within the general circulation, they travel 
from their source regions and invade other areas dominated by air having different 
characteristics. Such a process leads to a zone of separation between the two 
airmasses. The gradients of thermal and moisture properties are maximized in the 
zone. Since the zone or discontinuity is so thin as to approach a sheet when viewed 
on a small scale map, it is called a frontal surface. The intersection of a frontal 
surface and a horizontal plane in a line is called a front, although the term “front’’ 
is commonly used as a short expression for “frontal surface” when this will not 
introduce an ambiguity. 

Indicative of the differences in the motion of adjacent airmasses, the front 
takes a wave like character, hence the term “frontal wave.” 

Before the formation of frontal waves, the isobars (lines of equal atmospheric 
pressure) tend to run parallel to the fronts. As a wave is formed, the pattern is 
distorted somewhat, as shown in figure 38lla. In this illustration, colder air is 
north of warmer air. In figures 381la-3811d isobars are drawn at 4-millibar inter- 
vals. 


FIGURE 381la.—First stage in the development of a frontal wave (top view). 


The wave tends to travel in the direction of the general circulation, which in 
the temperate latitudes is usually in a general easterly and slightly poleward ~ 
direction. 


WEATHER ELEMENTS 913 


Along the leading edge of the wave, warmer air is replacing colder air. This is 
called the warm front. The trailing edge is the cold front, where colder air is 
underrunning and displacing warmer air. 

The warm air, being less dense, tends to ride up over the colder air it is 
replacing. The slope is gentle, varying between 1:100 and 1:300. Partly because of 
the replacement of cold, dense air with warm, light air, the pressure decreases. 
Since the slope is gentle, the upper part of a warm frontal surface may be many 
hundreds of miles ahead of the surface portion. The decreasing pressure, indicated 
by a “falling barometer,” is often an indication of the approach of such a wave. In a 
slow-moving, well-developed wave, the barometer may begin to fall several days 
before the wave arrives. Thus, the amount and nature of the change of atmospheric 
pressure between observations, called pressure tendency, is of assistance in predict- 
ing the approach of such a system. 

The advancing cold air, being more dense, tends to cut under the warmer air at 
the cold front, lifting it to greater heights. The slope here is such that the upper-air 
portion of the cold front is behind the surface position relative to its motion. The 
slope generally ranges from 1:25 to 1:100, being steeper than the warm front. After 
a cold front has passed, the pressure increases—a “rising barometer.” 

In the first stages, these effects are not marked, but as the wave continues to 
grow, they become more pronounced, as shown in figure 3811b. As the amplitude of 
the wave increases, pressure near the center usually decreases, and the “low’’ is 
said to “deepen.” As it deepens, its forward speed generally decreases. 


FIGurE 3811b.—A fully developed frontal wave (top view). 


The approach of a well-developed warm front (i.e., when the warm air is mT) is 
usually heralded not only by falling pressure, but also by a more-or-less regular 
sequence of clouds. First, cirrus appear. These give way successively to cirrostratus, 
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altostratus, altocumulus, and nimbostratus. Brief showers may precede the steady 
rain accompanying the nimbostratus. 

As the warm front passes, the temperature rises, the wind shifts clockwise (in 
the Northern Hemisphere), and\the steady rain stops. Drizzle may fall from low- 
lying stratus clouds, or there may be fog for some time after the wind shift. During 
passage of the warm sector between the warm front and the cold front, there is 
little change in temperature or pressure. However, if the wave is still growing and 
the low deepening, the pressure might slowly decrease. In the warm sector the skies 
are generally clear or partly cloudy, with cumulus or stratocumulus clouds most 
frequent. The warm air is usually moist, and haze or fog may often be present. 

As the faster moving, steeper cold front passes, the wind shifts clockwise in the 
Northern Hemisphere (counterclockwise in the Southern Hemisphere), the tempera- 
ture falls rapidly, and there are often brief and sometimes violent showers, fre- 
quently accompanied by thunder and lightning. Clouds are usually of the convective 
type. A cold front usually coincides with a well-defined wind-shift line (a line along 
which the wind shifts abruptly from southerly or southwesterly to northerly or 
northwesterly in the Northern Hemisphere and from northerly or northwesterly to 
southerly or southwesterly in the Southern Hemisphere). At sea a series of brief 
showers accompanied by strong, shifting winds may occur along or some distance 
(up to 200 miles) ahead of a cold front. These are called squalls (in common nautical 
use the term squall may be additionally applied to any severe local storm accompa- 
nied by gusty winds, precipitation, thunder, and lightning), and the line along 
which they occur is called a squall line. 

Because of its greater speed and steeper slope, which may approach or even 
exceed the vertical near the earth’s surface (due to friction), a cold front and its 
associated weather passes more quickly than a warm front. After a cold front 
passes, the pressure rises, often quite rapidly, the visibility usually improves, and 
the clouds tend to diminish. 

As the wave progresses and the cold front approaches the slower moving warm 
front, the low becomes deeper and the warm sector becomes smaller. This is shown 
in figure 3811c. 

Finally, the faster moving cold front overtakes the warm front (fig. 38114d), 
resulting in an occluded front at the surface, and an upper front aloft (fig. 3811e). 
When the two parts of the cold airmass meet, the warmer portion tends to rise 
above the colder part. The warm air continues to rise until the entire frontal 
system dissipates. As the warmer air is replaced by colder air, the pressure gradual- 
ly rises, a process called “filling.” This usually occurs within a few days after an 
occluded front forms. Finally, there results a cold low, or simply a low pressure 
system across which little or no gradient in temperature and moisture can be 
found. 

The sequence of weather associated with a low depends greatly upon location 
with respect to the path of the center. That described above assumes that the 
observer is so located that he encounters each part of the system. If he is poleward 
of the path of the center of the low, the abrupt weather changes associated with the 
passage of fronts are not experienced. Instead, the change from the weather charac- 
teristically found ahead of a warm front to that behind a cold front takes place 
gradually, the exact sequence being dictated somewhat by distance from the center, 
as well as severity and age of the low. 

Although each low follows generally the pattern given above, no two are ever - 
exactly alike. Other centers of low pressure and high pressure and the airmasses 
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Fiaure 3811d.—An occluded front (top view). 
miles or more away, influence 
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FIGURE 381le.—An occluded front (cross section). 


er. Particularly, a high stalls or diverts a low. This is true of temporary highs as 
well as semipermanent highs. 

3812. Cyclones and anticyclones.—An area of relatively low pressure, generally 
circular, is called a cyclone. Its counterpart for high pressure is called an anticy- 
clone. These terms are used particularly in connection with the winds associated 
with such centers. Wind tends to blow from an area of high pressure to one of low 
pressure, but due to rotation of the earth, they are deflected toward the right in the 
Northern Hemisphere and toward the left in the Southern Hemisphere (art. 3803). 

Because of the rotation of the earth, therefore, the circulation tends to be 
counterclockwise around areas of low pressure and clockwise around areas of high 
pressure in the Northern Hemisphere (figs. 381lc and 3811d), the speed being 
proportional to the spacing of isobars. In the Southern Hemisphere, the direction of 
circulation is reversed. Based upon this condition, a general rule (Buys Ballot’s 
Law) can be stated thus: 

If an observer in the Northern Hemisphere faces the surface wind, the center of 
low pressure is toward his right, somewhat behind him; and the center of high 
pressure is toward his left and somewhat in front of him. 

If an observer in the Southern Hemisphere faces the surface wind, the center of 
low pressure is toward his left and somewhat behind him; and the center of high 
pressure is toward his right and somewhat in front of him. 

In a general way, these relationships apply in the case of the general distribu- 
tion of pressure, as well as to temporary local pressure systems. 

The reason for the wind shift along a front is that the isobars have an abrupt 
change of direction along these lines, as shown in figures 381la-3811d. Since the 
direction of the wind is directly related to the direction of isobars, any change in 
the latter results in a shift in the wind direction. 

In the Northern Hemisphere, the wind shifts toward the right (clockwise or 
veering) when either a warm or cold front passes. In the Southern Hemisphere, the 
shift is toward the left (counterclockwise or backing). When an observer is on the 
poleward side of the path of a frontal wave, wind shifts are reversed (i.e., backing in 
the Northern Hemisphere and veering in the Southern Hemisphere). 

In an anticyclone, successive isobars are relatively far apart, resulting in light 
winds. In a cyclone, the isobars are more closely spaced. With a steeper pressure 
gradient, the winds are stronger. ; 
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Since an anticyclonic area is a region of outflowing winds, air is drawn into it 
from aloft. Descending air is warmed, and as air becomes warmer, its capacity for 
holding uncondensed moisture increases. Therefore, clouds tend to dissipate. Clear 
skies are characteristic of an anticyclone, although scattered clouds and showers 
are sometimes encountered. 

In contrast, a cyclonic area is one of converging winds. The resulting upward 
movement of air results in cooling, a condition favorable to the formation of clouds 
and precipitation. More or less continuous rain and generally stormy weather are 
usually associated with a cyclone. 

Between the two hemispheric belts of high pressure associated with the horse 
latitudes, called subtropical anticyclones (art. 3806), cyclones form only occasional- 
ly over certain areas at sea, generally in summer and fall only. These tropical 
cyclones are usually quite violent, being known under various names according to 
their location. They are discussed in chapter XXXIX. 

In the areas of the prevailing westerlies (art. 3807) in temperate latitudes, 
migratory cyclones (lows) and anticyclones (highs) are a common occurrence. These 
are sometimes called extratropical cyclones and extratropical anticyclones to dis- 
tinguish them from the more violent tropical cyclones. Formation occurs over sea 
and land. The lows intensify as they move poleward; the highs weaken as they 
move equatorward. In their early stages, cyclones are elongated, as shown in figure 
381la, but as their life cycle proceeds, they become more nearly circular (figs. 
3811b-38114d). 

3813. Local winds.—In addition to the winds of the general circulation (arts. 
3803-3808) and those associated with migratory cyclones and anticyclones (art. 
3812), there are numerous local winds which influence the weather in various 
places. 

The most common of these are the land and sea breezes, caused by alternate 
heating and cooling of land adjacent to water. The effect is similar to that which 
causes the monsoons (art. 3809), but on a much smaller scale, and over shorter 
periods. By day the land is warmer than the water, and by night it is cooler. This 
effect occurs along many coasts during the summer. Between about 0900 and 1100 
the temperature of the land becomes greater than that of the adjacent water. The 
lower levels of air over the land are warmed, and the air rises, drawing in cooler air 
from the sea. This is the sea breeze. Late in the afternoon, when the sun is low in 
the sky, the temperature of the two surfaces equalizes and the breeze stops. After 
sunset, as the land cools below the sea temperature, the air above it is also cooled. 
The contracting cool air becomes more dense, increasing the pressure near the 
surface. This results in an outflow of winds to the sea. This is the land breeze, 
which blows during the night and dies away near sunrise. Since the atmospheric 
pressure changes associated with this cycle are not great, the accompanying winds 
generally do not exceed gentle to moderate breezes. The circulation is usually of 
limited extent, reaching a distance of perhaps 20 miles inland, and not more than 5 
or 6 miles offshore, and to a height of a few hundred feet. In the doldrums and 
subtropics, this process is repeated with great regularity throughout most of the 
year. As the latitude increases, it becomes less prominent, being masked by winds 
of migratory cyclones and anticyclones (art. 3812). However, the effect often may be 
present to reinforce, retard, or deflect stronger prevailing winds. . 

Varying conditions of topography produce a large variety of local winds 
throughout the world. Winds tend to follow valleys, and to be deflected from high 
banks and shores. In mountain areas wind flows in response to temperature distri- 
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bution and gravity. An anabatic wind is one that blows up an incline, usually as a 
result of surface heating. A katabatic wind is one which blows down an incline. 
There are two types, foehn and fall wind. 

A dry wind with a downward component, warm for the season, is called a 
foehn. The foehn occurs when horizontally moving air encounters a mountain 
barrier. As it blows upward to clear the barrier, it is cooled below the dew point, 
resulting in loss of moisture by cloud formation and perhaps rain. As the air 
continues to rise, its rate of cooling is reduced because the condensing water vapor 
gives off heat to the surrounding atmosphere. After crossing the mountain barrier, 
the air flows downward along the leeward slope, being warmed by compression as it 
descends to lower levels. Thus, since it loses less heat on the ascent than it gains 
during descent, and since it loses moisture during ascent, it arrives at the bottom of 
the mountains as very warm, dry air. This accounts for the warm, arid regions 
along the eastern side of the Rocky Mountains and in similar areas. In the Rocky 
Mountain region this wind is known by the name chinook. It may occur at any 
season of the year, at any hour of the day or night, and have any speed from a 
gentle breeze to a gale. It may last for several days, or for a very short period. Its 
effect is most marked in winter, when it may cause the temperature to rise as much 
as 20°F to 30°F within 15 minutes, and cause snow and ice to melt within a few 
hours. On the west coast of the United States, a foehn wind, given the name Santa 
Ana, blows through a pass and down a valley by that name in Southern California. 
This wind may blow with such force that it endangers small craft immediately off 
the coast. 

A cold wind blowing down an incline is called a fall wind. Although it is 
warmed somewhat during descent, as is the foehn, it remains cold relative to the 
surrounding air. It occurs when cold air is dammed up in great quantity on the 
windward side of a mountain and then spills over suddenly, usually as an over- 
whelming surge down the other side. It is usually quite violent, sometimes reaching 
hurricane force. A different name for this type wind is given at each place where it 
is common. The tehuantepecer of the Mexican and Central American coast, the 
pampero of the Argentine coast, the mistral of the western Mediterranean, and the 
bora of the eastern Mediterranean are examples of this type wind. 

Many other local winds common to certain areas have been given distinctive 
names, 

A blizzard is a violent, intensely cold wind laden with snow mostly or entirely 
picked up from the ground, although the term is often used popularly to refer to 
any heavy snowfall accompanied by strong wind. A dust whirl is a rotating column 
of air about 100 to 300 feet in height, carrying dust, leaves, and other light 
material. This wind, which is similar to a waterspout at sea (art. 3824), is given 
various local names such as dust devil in southwestern United States and desert 
devil in South Africa. A gust is a sudden, brief increase in wind speed followed by a 
slackening, or the violent wind or squall that accompanies a thunderstorm. A puff 
of wind or a light breeze affecting a small area, such as would cause patches of 
ripples on the surface of water, is called a cat’s paw. 

3814. Fog is a cloud (art. 3713) whose base is low enough to restrict visibility. 
Fog is composed of droplets of water, or ice crystals (ice fog) formed by condensa- 
tion or crystallization of water vapor in the air. 

Radiation fog forms over low-lying land on clear, calm nights. As the land 
radiates heat and becomes cooler, it cools the air immediately above the surface. 
This causes a temperature inversion to form, the temperature for some distance 
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upward increasing with height. If the air is cooled to its dew point (art. 3712), fog 
forms. Often, cooler and more dense air drains down surrounding slopes to heighten 
the effect. Radiation fog is often quite shallow, and is usually densest at the surface. 
After sunrise the fog may “lift,” as shown in figure 3814, and gradually dissipate, 
usually being entirely gone by noon. At sea the temperature of the water undergoes 
little change between day and night, and so radiation fog is seldom encountered 
more than 10 miles from shore. 

Advection fog forms when warm, moist air blows over a colder surface and is 
cooled below its dew point. This type, most commonly encountered at sea, may be 
quite dense and often persists over relatively long periods. Advection fog is common 
over cold ocean currents. If the wind is strong enough to thoroughly mix the air, 
condensation may take place at some distance above the surface of the earth, 
forming low stratus clouds (art. 3713) rather than fog. 

Off the coast of California, seasonal winds create an offshore current which 
displaces the warm surface water, causing an upwelling of colder water. Moist 
Pacific air is transported along the coast in the same wind system and is cooled by 
the relatively cold water. Advection fog results. In the coastal valleys, fog is some- 
times formed when moist air blown inland during the afternoon is cooled by 
radiation during the night. 

When very cold air moves over warmer water, wisps of visible water vapor may 
rise from the surface as the water “steams,” as shown in figure 2505. In extreme 
cases this frost smoke, or arctic sea smoke, may rise to a height of several hundred 
feet, the portion near the surface constituting a dense fog which obscures the 
horizon and surface objects, but usually leaves the sky relatively clear. 

Haze consists of fine dust or salt particles in the air, too small to be individual- 
ly apparent, but in sufficient number to reduce horizontal visibility and cast a 
bluish or yellowish veil over the landscape, subduing its colors and making objects 
appear indistinct. This is sometimes called dry haze to distinguish it from damp 
haze, which consists of small water droplets or moist particles in the air, smaller 
and more scattered than light fog. In international meteorological practice, the 
term “haze” is used to refer to a condition of atmospheric obscurity caused by dust 
and smoke. 

Mist is synonymous with drizzle in the United States but is often considered as 
intermediate between haze and fog in its properties. 

A mixture of smoke and fog is called smog. 

3815. Mirage.—As explained in article 1606, light is refracted as it passes 
through the atmosphere. When refraction is normal, objects appear slightly elevat- 
ed, and the visible horizon is farther from the observer than it otherwise would be. 
Since the effects are uniformly progressive, they are not apparent to the observer. 
When refraction is not normal, some form of mirage may occur. A mirage is an 
optical phenomenon in which objects appear distorted, displaced (raised or lowered), 
magnified, multiplied, or inverted due to varying atmospheric refraction which 
occurs when a layer of air near the earth’s surface differs greatly in density from 
surrounding air. This may occur when there is a rapid and sometimes irregular 
change of temperature or humidity with height. 

If there is a temperature inversion (increase of temperature with height), 
particularly if accompanied by a rapid decrease in humidity, the refraction is 
greater than normal. Objects appear elevated, and the visible horizon 1s farther 
away. Objects which are normally below the horizon become visible. This is called 
looming. If the upper portion of an object is raised much more than the bottom 
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Figure 3814.—Formation and dissipation of radiation fog. 


part, the object appears taller than usual, an effect called towering. If the lower 
part of an object is raised more than the upper part, the object appears shorter, an 
effect called stooping. When the refraction is greater than normal, a superior 
mirage may occur. An inverted image is seen above the object, and sometimes an 
erect image appears over the inverted one, with the bases of the two images 
touching. Greater than normal refraction usually occurs when the water is much 
colder than the air above it. 

If the temperature decrease with height is much greater than normal, refrac- 
tion is less than normal, or may even cause bending in the opposite direction. 
Objects appear lower than normal, and the visible horizon is closer to the observer. 
This is called sinking. Towering or stooping may occur if conditions are suitable. 
When the refraction is reversed, an inferior mirage may occur. A ship or an island 
appears to be floating in the air above a shimmering horizon, possibly with an 
inverted image beneath it. Conditions suitable to the formation of an inferior 
mirage occur when the surface is much warmer than the air above it. This usually 
requires a heated landmass, and therefore is more common near the coast than at 
sea. 

When refraction is not uniformly progressive, objects may appear distorted, 
taking an almost endless variety of shapes. The sun when near the horizon is one of 
the objects most noticeably affected. A fata morgana is a complex mirage character- 
ized by marked distortion, generally in the vertical. It may cause objects to appear 
towering, magnified, and at times even multiplied. 

3816. Sky coloring.—White light is composed of light of all colors. Color is- 
related to wavelength, the visible spectrum varying from about 0.000038 to 0.000076 
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centimeters (art. 4003). The characteristics of each color are related to its wave- 
length (or frequency). Thus, the shorter the wavelength, the greater the amount of 
bending when light is refracted. It is this principle that permits the separation of 
light from celestial bodies into a spectrum ranging from red, through orange, 
yellow, green, and blue, to violet, with long-wave infrared (black light) being slight- 
ly outside the visible range at one end and short-wave ultraviolet being slightly 
outside the visible range at the other end. Light of shorter wavelength is scattered 
and diffracted more than that of longer wavelength. 

Light from the sun and moon is white, containing all colors. As it enters the 
earth’s atmosphere, a certain amount of it is scattered. The blue and violet, being of 
shorter wavelength than other colors, are scattered most. Most of the violet light is 
absorbed in the atmosphere. Thus, the scattered blue light is most apparent, and 
the sky appears blue. At great heights, above most of the atmosphere, it appears 
black. 

When the sun is near the horizon, its light passes through more of the atmos- 
phere than when higher in the sky, resulting in greater scattering and absorption 
of blue and green light, so that a larger percentage of the red and orange light 
penetrates to the observer. For this reason the sun and moon appear redder at this 
time, and when this light falls upon clouds, they appear colored. This accounts for 
the colors at sunset and sunrise. As the setting sun approaches the horizon, the 
sunset colors first appear as faint tints of yellow and orange. As the sun continues 
to set, the colors deepen. Contrasts occur, due principally to difference in height of 
clouds. As the sun sets, the clouds become a deeper red, first the lower clouds and 
then the higher ones, and finally they fade to a gray. 

When there is a large quantity of smoke, dust, or other material in the sky, 
unusual effects may be observed. If the material in the atmosphere is of suitable 
substance and quantity to absorb the longer wave red, orange, and yellow radi- 
ations, the sky may have a greenish tint, and even the sun or moon may appear 
green. If the green light, too, is absorbed, the sun or moon may appear blue. A 
green moon or blue moon is most likely to occur when the sun is slightly below the 
horizon and the longer wavelength light from the sun is absorbed, resulting in 
green or blue light being cast upon the atmosphere in front of the moon. The effect 
is most apparent if the moon is on the same side of the sky as the sun. 

3817. Rainbows.—The familiar arc of concentric colored bands seen when the 
sun shines on rain, mist, spray, etc., is caused by refraction, internal reflection, and 
diffraction of sunlight by the drops of water. The center of the arc is a point 180° 
from the sun, in the direction of a line from the sun, through the observer. The 
radius of the brightest rainbow is 42°. The colors are visible because of the differ- 
ence in the amount of refraction of the different colors making up white light, the 
light being spread out to form a spectrum (art. 3816). Red is on the outer side and 
blue and violet on the inner side, with orange, yellow, and green between, in that 
order from red. 

Sometimes a secondary rainbow is seen outside the primary one, at a radius of 
about 50°. The order of colors of this rainbow is reversed. On rare occasions a faint 
rainbow is seen on the same side as the sun. The radius of this rainbow and the 
order of colors are the same as those of the primary rainbow. 

A similar arc formed by light from the moon (a lunar rainbow) is called a 
moonbow. The colors are usually very faint. A faint, white arc of about 39° radius 
is occasionally seen in fog opposite the sun. This is called a fogbow, although its 
origin is controversial, some considering it a halo (art. 3818). 
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3818. Halos.—Refraction, or a combination of refraction and reflection, of light 
by ice crystals in the atmosphere (cirrostratus clouds, art. 8713) may cause a halo to 
appear. The most common form is a ring of light of radius 22° or 46° with the sun 
or moon at the center. Occasionally a faint, white circle with a radius of 90° 
appears around the sun. This is called a Hevelian halo. It is probably caused by 
refraction and internal reflection of the sun’s light by bipyramidal ice crystals. A 
halo formed by refraction is usually faintly colored like a rainbow (art. 3817), with 
red nearest the celestial body, and blue farthest from it. 

A brilliant rainbow-colored arc of about a quarter of a circle with its center at 
the zenith, and the bottom of the arc about 46° above the sun, is called a circum- 
zenithal arc. Red is on the outside of the arc, nearest the sun. It is produced by the 
refraction and dispersion of the sun’s light striking the top of prismatic ice crystals 
in the atmosphere. It usually lasts for only about 5 minutes, but may be so brilliant 
as to be mistaken for an unusually bright rainbow. A similar arc formed 46° below 
the sun, with red on the upper side, is called a circumhorizontal arc. Any arc 
tangent to a heliocentric halo (one surrounding the sun) is called a tangent are. As 
the sun increases in elevation, such arcs tangent to the halo of 22° gradually bend 
their ends toward each other. If they meet, the elongated curve enclosing the 
circular halo is called a circumscribed halo. The inner edge is red. 

A halo consisting of a faint, white circle through the sun and parallel to the 
horizon is called a parhelic circle. A similar one through the moon is called a 
paraselenic circle. They are produced by reflection of sunlight or moonlight from 
vertical faces of ice crystals. 

A parhelion (plural parhelia) is a form of halo consisting of an image of the sun 
at the same altitude and some distance from it, usually 22°, but occasionally 46°. A 
similar phenomenon occurring at an angular distance of 120° (sometimes 90° or 
140°) from the sun is called a paranthelion. One at an angular distance of 180°, a 
rare occurrence, is called an anthelion, although this term is also used to refer to a 
luminous, colored ring or glory sometimes seen around the shadow of one’s head on 
a cloud or fog bank. A parhelion is popularly called a mock sun or sun dog. Similar 
phenomena in relation to the moon are called paraselene (popularly a mock moon 
or moon dog), parantiselene, and antiselene. The term parhelion should not be 
confused with perihelion, that orbital point nearest the sun when the sun is the 
center of attraction (art. 1407). 

A sun pillar is a glittering shaft of white or reddish light occasionally seen 
extending above and below the sun, usually when the sun is near the horizon. A 
phenomenon similar to a sun pillar, but observed in connection with the moon, is 
called a moon pillar. A rare form of halo in which horizontal and vertical shafts of 
light intersect at the sun is called a sun cross. It is probably due to the simultane- 
ous occurrence of a sun pillar and a parhelic circle. 

3819. Corona.—When the sun or moon is seen through altostratus clouds (art. 
3713), its outline is indistinct, and it appears surrounded by a glow of light called a 
corona. This is somewhat similar in appearance to the corona seen around the sun 
during a solar eclipse (art. 1424). When the effect is due to clouds, however, the 
glow may be accompanied by one or more rainbow-colored rings of small radii, with 
the celestial body at the center. These can be distinguished from a halo by their 
much smaller radii and also by the fact that the order of the colors is reversed, red 
being on the inside, nearest the body, in the case of the halo, and on the outside,. 
away from the body, in the case of the corona. 
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A corona is caused by diffraction of light by tiny droplets of water. The radius 
of a corona is inversely proportional to the size of the water droplets. A large 
corona indicates small droplets. If a corona decreases in size, the water droplets are 
becoming larger and the air more humid. This may be an indication of an approach- 
ing rainstorm. 

The glow portion of a corona is called an aureole. 

3820. The green flash.—As light from the sun passes through the atmosphere, 
it is refracted. Since the amount of bending is slightly different for each color, 
separate images of the sun are formed in each color of the spectrum. The effect is 
similar to that of imperfect color printing in which the various colors are slightly 
out of register. However, the difference is so slight that the effect is not usually 
noticeable. At the horizon, where refraction is maximum, the greatest difference, 
which occurs between violet at one end of the spectrum and red at the other, is 
about 10 seconds of arc. At latitudes of the United States, about 0.7 second of time 
is needed for the sun to change altitude by this amount when it is near the horizon. 
The red image, being bent least by refraction, is first to set and last to rise. The 
shorter wave blue and violet colors are scattered most by the atmosphere, giving it 
its characteristic blue color (art. 3816). Thus, as the sun sets, the green image may 
be the last of the colored images to drop out of sight. If the red, orange, and yellow 
images are below the horizon, and the blue and violet light is scattered and 
absorbed, the upper rim of the green image is the only part seen, and the sun 
appears green. This is the green flash. The shade of green varies, and occasionally 
the blue image is seen, either separately or following the green flash (at sunset). On 
rare occasions the violet image is also seen. These colors may also be seen at 
sunrise, but in reverse order. They are occasionally seen when the sun disappears 
behind a cloud or other obstruction. 

The phenomenon is not observed at each sunrise or sunset, but under suitable 
conditions is far more common than generally supposed. Conditions favorable to 
observation of the green flash are a sharp horizon, clear atmosphere, a temperature 
inversion (art. 3814), and an attentive observer. Since these conditions are more 
frequently met when the horizon is formed by the sea than by land, the phenome- 
non is more common at sea. With a sharp sea horizon and clear atmosphere, an 
attentive observer may see the green flash at as many as 50 percent of sunsets and 
sunrises, although a telescope may be needed for some of the observations. 

Duration of the green flash (including the time of blue and violet flashes) of as 
long as 10 seconds has been reported, but such length is rare. Usually it lasts for a 
period of about % second to 24% seconds with about 1% seconds being average. This 
variability is probably due primarily to changes in the index of refraction (art. 1606) 
of the air near the horizon. 

Under favorable conditions, a momentary green flash has been observed at the 
setting of Venus and Jupiter. A telescope improves the chances of seeing such a 
flash from a planet, but is not a necessity. 

3821. Crepuscular rays are beams of light from the sun passing through open- 
ings in the clouds, and made visible by illumination of dust in the atmosphere along 
their paths. Actually, the rays are virtually parallel, but because of perspective, 
appear to diverge. Those appearing to extend downward are popularly called back- 
stays of the sun, or sun drawing water. Those extending upward and across the 
sky, appearing to converge toward a point 180° from the sun, are called anticrepus- 


cular rays. 
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3822. The atmosphere and radio waves.—Radio waves traveling through the 
atmosphere exhibit many of the properties of light, being refracted, reflected, 
diffracted, and scattered. These and other effects are discussed in chapter XL. 

3823. Atmospheric electricity.— Various conditions induce the formation of elec- 
trical charges in the atmosphere. When this occurs, there is often a difference of 
electron charge between various parts of the atmosphere, and between the atmos- 
phere and earth or terrestrial objects. When this difference exceeds a certain 
minimum value, depending upon the conditions, the static electricity is discharged, 
resulting in phenomena such as lightning or St. Elmo’s fire. 

Lightning is the discharge of electricity from one part of a thundercloud (art. 
3713) to another, from one such cloud to another, or between such a cloud and the 
earth or a terrestrial object. 

Enormous electrical stresses build up within thunderclouds, and between such 
clouds and the earth. At some point the resistance of the intervening air is over- 
come. At first the process is a progressive one, probably starting as a brush dis- 
charge (St. Elmo’s fire) and growing by ionization. The breakdown follows an 
irregular path along the line of least resistance. A hundred or more individual 
discharges may be necessary to complete the path between points of opposite 
polarity. When this “leader stroke” reaches its destination, a heavy “main stroke” 
immediately follows in the opposite direction. This main stroke is the visible light- 
ning, which may be tinted any color, depending upon the nature of the gases 
through which it passes. The illumination is due to the high degree of ionization of 
the air, which causes many of the atoms to be in excited states and emit radiation. 

Thunder, the noise that accompanies lightning, is caused by the heating and 
ionizing of the air by lightning, which results in rapid expansion of the air along its 
path and the sending out of a compression wave. Thunder may be heard at a 
distance of as much as 15 miles, but generally does not carry that far. The elapsed 
time between the flash of lightning and reception of the accompanying sound of 
thunder is an indication of the distance, because of the difference in travel time of 
light and sound. Since the former is comparatively instantaneous, and the speed of 
sound is about 1,117 feet per second, the approximate distance in nautical miles is 
equal to the elapsed time in seconds, divided by 5.5. If the thunder accompanying 
lightning cannot be heard due to its distance, the lightning is called heat lightning, 
a phenomenon not unusual during continental “hot spells.” 

St. Elmo’s fire is a luminous discharge of electricity from pointed objects such 
as the masts and yardarms of ships, lightning rods, steeples, mountain tops, blades 
of grass, human hair, arms, etc., when there is a considerable difference in the 
electrical charge between the object and the air. It appears most frequently during 
a storm. An object from which St. Elmo’s fire emanates is in danger of being struck 
by lightning, since this type discharge may be the initial phase of the leader stroke. 
Throughout history those who have not understood St. Elmo’s fire have regarded it 
with superstitious awe, considering it a supernatural manifestation. This view is 
reflected in the name corposant (from “corpo santo,” meaning “body of a saint’) 
sometimes given this phenomenon. 

The aurora is a luminous glow appearing in varied forms in the thin atmos- 
phere high above the earth in middle and high latitudes due to radiation emissions 
from gases in the high atmosphere. 

3824. Waterspouts.—A waterspout is a small, whirling storm over the ocean or 
inland waters. Its chief characteristic is a funnel-shaped cloud; when fully devel-- 
oped it extends from the surface of the water to the base of a cumulus type cloud 
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(fig. 83824). The water in a spout is mostly confined to its lower portion, and may be 
either salt spray drawn up by the sea surface, or freshwater resulting from conden- 
sation due to the lowered pressure in the center of the vortex creating the spout. 
The air in waterspouts may rotate clockwise or counterclockwise, depending on the 


manner of formation. They are found most frequently in tropical regions, but are 
not uncommon in higher latitudes. 


FIGURE 3824.—Waterspouts. 


There are two types of waterspouts: those derived from violent convective 
storms over land moving seaward, called tornadoes, and those formed over the sea 
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and which are associated with fair or foul weather. The latter type is most common, 
lasts a maximum of 1 hour, and has variable strength. Many waterspouts are no 
stronger than dust whirlwinds, which they resemble; at other times they are strong 
enough to destroy small craft or to cause damage to larger vessels, although modern 
ocean-going vessels have little to fear from this type. 

Waterspouts vary in diameter from a few feet to several hundred feet, and in 
height from’a few hundred feet to several thousand feet. Sometimes they assume 
fantastic shapes; in early stages of development an hour glass shape between cloud 
and sea is common. Since a waterspout is often inclined to the vertical, its actual 
length may be much greater than indicated by its height. 

3825. Deck ice.—Ships traveling through regions where the air temperature is 
below freezing may acquire thick deposits of ice as a result of salt spray freezing on 
the rigging or deck areas (fig. 83825). This accumulation of ice is called ice accretion. 
Also, precipitation may freeze to the superstructure and exposed areas of the vessel, 
increasing the load of ice. 

On small vessels in heavy seas and freezing weather, deck ice may accumulate 
very rapidly and increase the topside weight to such an extent as to reduce serious- 
ly the stability of the vessel. 


ent 


FiGurRE 3825.—Deck ice. 


3826. Forecasting weather.—The prediction of weather at some future time is 
based upon an understanding of weather processes, and observations of present 
conditions. Thus, one learns that when there is a certain sequence of cloud types 
(art. 3713), rain usually can be expected to follow within a certain period. If the sky 
is cloudless, more heat will be received from the sun by day, and more heat will be 
radiated outward from the warm earth by night than if the sky is overcast. If the 
wind is in such a direction that warm, moist air will be transported over a colder 
surface, fog can be expected. A falling barometer indicates the approach of a “low,” 
probably accompanied by stormy weather. Thus, before meteorology passed from an 
“art” to “science,” many individuals learned to interpret certain atmospheric phe- 
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nomena in terms of future weather, and to make reasonably accurate forecasts for 
short periods into the future. 

With the establishment of weather observation stations, continuous and accu- 
rate weather information became available. As such observations expanded, and 
communication facilities improved, knowledge of simultaneous conditions over 
wider areas became available. This made possible the collection of these “synoptic” 
reports at civilian and military forecast centers. 

The individual observations are made at government-operated stations on 
shore, and aboard vessels at sea. Observations aboard merchant ships at sea are 
made and transmitted on a voluntary and cooperative basis. The various national 
meteorological services supply shipmasters with blank forms, printed instructions, 
and other materials essential to the making, recording, and interpreting of observa- 
tions. Any shipmaster can render a particularly valuable service by reporting all 
unusual or non-normal weather occurrences. 

Symbols and numbers are used to indicate on a synoptic chart, popularly called 
a weather map, the conditions at each observation station. Isobars are drawn 
through lines of equal atmospheric pressure, fronts are located and symbolically 
marked (fig. 3826), areas of precipitation and fog are indicated, etc. 

Ordinarily, weather maps for surface observations are prepared every 6 (some- 
times 3) hours. In addition, synoptic charts for selected heights are prepared every 
12 (sometimes 6) hours. Knowledge of conditions aloft is of value in establishing the 
three-dimensional structure and motion of the atmosphere as input to the forecast. 

With the advent of the digital computer, highly sophisticated numerical models 
have been developed to analyze and prognosticate weather patterns. The civil and 
military weather centers prepare and disseminate vast numbers of weather charts 
(analyses and prognoses) daily to assist local forecasters in their efforts to provide 
users with accurate, predicted weather parameters. It must be remembered that in 
any area, the accuracy of forecasted parameters decreases with the length of the 
forecast period. Thus, a 12-hour forecast is likely to be more reliable than a 24-hour 
forecast. Long term forecasts for 2 weeks or a month in advance are limited to 
general statements. For example, a prediction is made as to which areas will have 
temperatures above or below normal, and how precipitation will compare with 
normal, but no attempt is made to state that rainfall will occur at a certain time 
and place. 

Forecasts are issued for various areas. The national meteorological services of 
most maritime nations, including the United States, issue forecasts for ocean areas 
and warnings of the approach of storms. The efforts of the various nations are 
coordinated through the World Meteorological Organization. 

3827. Dissemination of weather information is carried out in a number of 
ways. Forecasts are widely broadcast by commercial and government radio stations, 
and printed in newspapers. Shipping authorities on land are kept informed by 
telegraph and telephone. Visual storm warnings are displayed in various ports, and 
storm warnings are broadcast by radio. 

Through the use of codes, a simplified version of synoptic weather charts is 
transmitted to various stations ashore and afloat. Rapid transmission of completed 
maps has been made possible by the development of facsimile transmitters and 
receivers. This system is based upon detailed scanning, by a photoelectric detector, 
of properly illuminated black and white copy. The varying degrees of light intensity 
are converted to electric energy which is transmitted to the receiver and converted 
back to a black and white presentation. 


928 WEATHER ELEMENTS 


Complete information on dissemination of weather information by radio is 
provided in Selected Worldwide Marine Weather Broadcast published jointly by the 
National Weather Service and the Naval Oceanography Command. This publication 
lists broadcast schedules and weather codes. Information on day and night visual 


storm warnings is given in the various volumes of sailing directions. 


LEGEND 
Type Symbol Coloring 
COLD FRONT MAAAAAAAA BLUE LINE 
WARM FRONT owwrewwwwwew RED LINE 
OCCLUDED FRONT TVOVIVSVTvTe PURPLE LINE 
STATIONARY FRONT > > a a ae a a ALTERNATE RED & BLUE 
UPPER COLD FRONT Vie eh ae ey 


DASHED BLUE LINE 


FIGURE 3826.—Designation of fronts on weather maps. 


3828. Interpreting the weather.—The factors which determine weather are 
numerous and varied. Ever-increasing knowledge regarding them makes possible a 
continually improving weather service. However, the ability to forecast is acquired 
through study and long practice, and therefore the services of a trained meteorolo- 
gist should be utilized whenever available. 

The value of a forecast is increased if one has access to the information upon 
which it is based, and understands the principles and processes involved. It is 
sometimes as important to know the various types of weather that might be 
experienced as it is to know which of several possibilities is most likely to occur. 

At sea, reporting stations are unevenly distributed, sometimes leaving relative- 
ly large areas with incomplete reports, or none at all. Under these conditions, the 
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locations of highs, lows, fronts, etc., are imperfectly known, and their very existence 
may even be in doubt. At such times the mariner who can interpret the observa- 
tions made from his own vessel may be able to predict weather for the next several 
hours more reliably than a trained meteorologist some distance away with incom- 
plete information for the area of concern. 

Knowledge of the various relationships given in chapters XXXVI, XXXVIII, 
and XXXIX is of value, but only the more elementary principles are presented. 
Further information can be obtained from meteorological publications such as those 
listed at the ends of the weather chapters. The information obtained from these 
references will provide a background for proper interpretation of individual weath- 
er experiences. If one uses every opportunity to observe and interpret weather 
sequences, knowledge and skill can be developed that will serve as a valuable 
supplement to information given in weather broadcasts, or to supply information 
for areas not covered by such broadcasts. 

3829. Influencing the weather.—Meteorological activities are devoted primarily 
to understanding weather processes and predicting future weather. However, as 
knowledge regarding cause-and-effect relationships increases, the possibility of 
being able to induce certain results by artificially producing the necessary condi- 
tions becomes greater. The most promising results to date have been in inducing or 
increasing precipitation on a local scale by “seeding” supercooled clouds with pow- 
dered dry ice or silver iodide smoke. The effectiveness of this procedure on a larger 
scale is still controversial. Experiments in decreasing the intensity of severe tropi- 
cal cyclones (i.e., hurricanes, typhoons), have been carried out but an operational 
method is still many years away. 
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CHAPTER XXXIX 


TROPICAL CYCLONES 


3901. Introduction.—A tropical cyclone is a cyclone (art. 3812) originating in 
the Tropics or subtropics. Although it generally resembles the extratropical cyclone 
originating in higher latitudes, there are important differences, the principal one 
being the concentration of a large amount of energy into a relatively small area. 
Tropical cyclones are infrequent in comparison with middle- and high-latitude 
storms, but they have a record of destruction far exceeding that of any other type of 
storm. Because of their fury, and the fact that they are predominantly oceanic, they 
merit the special attention of all mariners, whether professional or amateur. 

Rarely does the mariner who has experienced a fully developed tropical cyclone 
at sea wish to encounter a second one. He has learned the wisdom of avoiding them 
if possible. The uninitiated may be misled by the deceptively small size of a tropical 
cyclone as it appears on a weather map, and by the fine weather experienced only a 
few hundred miles from the reported center of such a storm. The rapidity with 
which the weather can deteriorate with approach of the storm, and the violence of 
the fully developed tropical cyclone, are difficult to visualize if they have not been 
experienced. 

On his second voyage to the New World, Columbus encountered a tropical 
storm. Although his vessels suffered no damage, this experience proved valuable 
during his fourth voyage when his vessels were threatened by a fully developed 
hurricane. Columbus read the signs of an approaching storm from the appearance 
of a southeasterly swell, the direction of the high cirrus clouds, and the hazy 
appearance of the atmosphere. He directed his vessels to shelter. The commander of 
another group, who did not heed the signs, lost most of his ships; more than 500 
men in their crews perished. 

3902. Definitions.—Tropical cyclone is the general term for cyclones originat- 
ing in the Tropics or subtropics. These cyclones are classified by form and intensity 
as follows: 

Tropical disturbance is a discrete system of apparently organized convection— 
generally 100 to 300 miles in diameter—having a nonfrontal migratory character, 
and having maintained its identity for 24 hours or more. It may or may not be 
associated with a detectable perturbation of the wind field. It has no strong winds 
and no closed isobars i.e., isobars that completely enclose the low. (In successive 
stages of intensification, the tropical cyclone may be classified as a tropical disturb- 
ance, tropical depression, tropical storm, and hurricane or typhoon.) 

Tropical depression has one or more closed isobars and some rotary circulation 
at the surface. The highest sustained (1-minute mean) surface wind speed is 33 
knots. 

Tropical storm has closed isobars and a distinct rotary circulation. The highest 
sustained (1-minute mean) surface wind speed is 34 to 63 knots. 

Hurricane or typhoon has closed isobars, a strong and very pronounced rotary 
circulation, and a sustained (1-minute mean) surface wind speed of 64 knots or 


higher. 
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3903. Areas of occurrence.—Tropical cyclones occur almost entirely in six 
rather distinct areas, four in the Northern Hemisphere and two in the Southern 
Hemisphere as shown in figure 3903. The name by which the tropical cyclone is 
commonly known varies somewhat with the locality, as follows: 

North Atlantic. A tropical cyclone with winds of 64 knots or greater is called a 
hurricane. 

Eastern North Pacific. The name hurricane is used as in the North Atlantic. 

Western North Pacific. A fully developed storm with winds of 64 knots or 
greater is called a typhoon or, locally in the Philippines, a baguio. 

North Indian Ocean. A tropical cyclone with winds of 34 knots or greater is 
cailed a cyclonic storm. 

South Indian Ocean. A tropical cyclone with winds of 34 knots or greater is 
called a cyclone. 

Southwest Pacific and Australian Area. The name cyclone is used as in the 
South Indian Ocean. A severe tropical cyclone originating in the Timor Sea and 
moving southwest and then southeast across the interior of northwestern Australia 
is called a willy-willy. 

Tropical cyclones have not been observed in the South Atlantic or in the South 
Pacific east of 140°W. 

3904. Origin, season, and frequency of occurrence of the tropical cyclones in 
the six areas are as follows: 

North Atlantic tropical cyclones can affect the entire North Atlantic Ocean in 
any month. However, they are mostly a threat south of about 35°N from June 
through November; August, September, and October are the months of highest 
incidence (tab. 3904). About 9 or 10 tropical cyclones (tropical storms and hurri- 
canes) form each season; 5 or 6 reach hurricane intensity (winds of 64 knots and 
higher). A few hurricanes have generated winds estimated as high as 200 knots. 
Early- and late-season storms usually develop west of 50°W; during August and 
September, this spawning ground extends to the Cape Verde Islands. These storms 
usually move westward or westnorthwestward at speeds of less than 15 knots in the 
lower latitudes. After moving into the northern Caribbean or Greater Antilles 
regions, they will usually either move toward the Gulf of Mexico or recurve and 
accelerate in the North Atlantic. Some will recurve after reaching the Gulf of 
Mexico, while others will continue westward to landfall (fig. 3904). 

Eastern North Pacific season is from June through October, although a storm 
can form in any month. An average of 15 tropical cyclones (tropical storms and 
hurricanes) form each year with about 6 reaching hurricane strength. The most 
intense storms are often the early- and late-season ones; these form close to the 
coast and far south. Midseason storms form anywhere in a wide band from the 
Mexican-Central American coast to the Hawaiian Islands. August and September 
are the months of highest incidence. These storms differ from their North Atlantic 
counterparts in that they are usually smaller in size. However, they can be just as 
intense. 

Western North Pacific. More tropical cyclones form in the tropical western 
North Pacific than anywhere else in the world. More than 25 (tropical storms and 
typhoons) develop each year, and about 18 become typhoons. These typhoons are 
the largest and most intense tropical cyclones in the world. Each year an average of 
five generate maximum winds over 130 knots; circulations covering more than 600 
miles in diameter are not uncommon. Most of these storms form east of the ~ 
Philippines, and move across the Pacific toward the Philippines, Japan, and China; 
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a few storms form in the South China Sea. The season extends from April through 
December. However, tropical cyclones are more common in the off-season months in 
this area than anywhere else. The peak of the season is July through October, when 
nearly 70 percent of all typhoons develop. There is a noticeable seasonal shift in 
storm tracks in this region. From July through September, storms move north of 
the Philippines and recurve, while early- and late-season typhoons move on a more 
westerly track through the Philippines before recurving (fig. 3904). 
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Monthly values cannot be combined because single storms overlapping two months were counted once in each month and once in the annual. 


TaBLE 3904.—Monthly and annual average number of storms per year for each area. 


North Indian Ocean tropical cyclones develop in the Bay of Bengal and Arabian 
Sea during the spring and fall. Tropical cyclones in this area form between lati- 
tudes 8°N and 15°N, except from June through September, when the little activity 
that does occur is confined north of about 15°N. These storms are usually short- 
lived and weak; however, winds of 130 knots have been encountered. They often 
develop as perturbations along the Intertropical Convergence Zone (ITCZ); this 
inhibits summertime development since the ITCZ is usually over land during this 
monsoon season. However, it is sometimes displaced southward, and when this 
occurs, storms will form over the monsoon-flooded plains of Bengal. On the average, 
six cyclonic storms form each year. These include two storms that generate winds of 
48 knots or greater. Another 10 tropical cyclones never develop beyond tropical 
depressions. The Bay of Bengal is the area of highest incidence. However, it is not 
unusual for a storm to move across southern India and reintensify in the Arabian 
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Sea. This is particularly true during October—the month of highest incidence 
during the tropical cyclone season. It is also during this period that torrential rains 
from these storms dumped over already rain-soaked areas cause disastrous floods. 

South Indian Ocean. Over.the waters west of 100°E to the east African coast, 
an average of 11 tropical cyclones (tropical storms and hurricanes) form each 
season, and about 4 reach hurricane intensity. The season is from December 
through March, although it is possible for a storm to form in any month. Tropical 
cyclones in this region usually form south of 10°S. The latitude of recurvature 
usually migrates from about 20°S in January to around 15°S in April. After crossing 
30°S, these storms sometimes become intense extratropical lows. 

Southwest Pacific and Australian Area. These tropical waters spawn an annual 
average of 15 tropical cyclones (tropical storms and hurricanes), 4 of which reach 
hurricane intensity. The season extends from about December through April, al- 
though storms can form in any month. Activity is widespread in January and 
February, and it is in these months that tropical cyclones are most likely to affect 
Fiji, Samoa, and the other eastern islands. 

Tropical cyclones usually form in the waters from 105°E to 160°W, between 5° 
and 20°S. Storms affecting northern and western Australia often develop in the 
Timor or Arafura Sea, while those that affect the east coast form in the Coral Sea. 
These storms are often small, but can develop winds in excess of 130 knots. New 
Zealand is sometimes reached by decaying Coral Sea storms; occasionally, it is 
reached by an intense hurricane. In general, tropical cyclones in this region move 
southwestward and then recurve southeastward (fig. 3904). 

3905. Hurricane formation was once believed to result from an intensification 
of convective forces which produce the cumulonimbus towers of the doldrums. This 
view of hurricane generation held that surface heating caused warm moist air to 
ascend convectively to levels where condensation produced cumulonimbus clouds, 
which, after an inexplicable drop in atmospheric pressure, coalesced and were spun 
into a cyclonic motion by Coriolis force. 

This hypothesis left much to be desired. Although some hurricanes develop 
from disturbances beginning in the doldrums (art. 3804), very few reach maturity in 
that region. Also, the high incidence of seemingly ideal convective situations does 
not match the low incidence of Atlantic hurricanes. Finally, the hypothesis did not 
explain the drop in atmospheric pressure, so essential to development of hurricane- 
force winds. 

There is still no exact understanding of the triggering mechanism involved in 
hurricane generation, the balance of conditions needed to generate hurricane circu- 
lation, and the relationships between large- and small-scale atmospheric processes. 
But scientists today, treating the hurricane system as an atmospheric heat engine, 
present a more comprehensive and convincing view. 

They begin with a starter mechanism in which either internal or external 
forces intensify the initial disturbance. The initial disturbance becomes a region 
into which low-level air from the surrounding area begins to flow, accelerating the 
convection already occurring inside the disturbance. The vertical circulation be- 
comes increasingly well organized as water vapor in the ascending moist layer is 
condensed (releasing large amounts of heat energy to drive the wind system) and as 
the system is swept into a counterclockwise cyclonic spiral. But this incipient 
hurricane would soon fill up because of inflow at lower levels unless the chimney in 
which converging air surges upward is provided the exhaust mechanism of high-. 
altitude winds. 
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These high-altitude winds (fig. 3905) pump ascending air out of the cyclonic 
system into a high-altitude anticyclone, which transports the air well away from 
the disturbance before sinking occurs. Thus, a large scale vertical circulation is set 
up in which low-level air is spiraled up the cyclonic twisting of the disturbance, 
and, after a trajectory over the sea, returned to lower altitudes some distance from 
the storm. This pumping action—and the heat released by the ascending air—may 
account for the sudden drop of atmospheric pressure at the surface, which produces 
the steep pressure gradient along which winds reach hurricane proportions. 

It is believed that the interaction of low-level and high-altitude wind systems 
determines the intensity the hurricane will attain. If less air is pumped out than 
converges at low levels, the system will fill and die out. If more is pumped out than 
flows in, the circulation will be sustained and will intensify. 

Research has shown that any process which increases the rate of low-level 
inflow is favorable for hurricane development, provided the inflowing air carries 
sufficient heat and moisture to fuel the hurricane’s power system. It has also been 
shown that air above the developing disturbance at altitudes between 20,000 and 
40,000 feet increases 1° to 3° in temperature about 24 hours before the disturbance 
develops into a hurricane. But it is not known whether low-level inflow and high- 
level warming cause hurricanes. They could very well be measurable symptoms of 
another effect which actually triggers the storm’s increase to hurricane intensity. 

The view of hurricanes as atmospheric engines is necessarily a general one. The 
exact role of each contributor is not completely understood. The engine seems to be 
both inefficient and unreliable; a myriad of delicate conditions must be satisfied for 
the atmosphere to produce a hurricane. Their relative infrequency indicates that 
many a potentially healthy hurricane ends early as a misfiring dud of a disturb- 
ance, somewhere over the sea. 


HIGH ALTITUDE WINDS 


FicureE 3905.—Pumping action of high altitude winds. 


3906. Portrait of a hurricane.—In the early life of the hurricane, the spiral 
covers an area averaging 100 miles in diameter with winds of 64 knots and greater, 
and spreads gale-force winds over a 400-mile diameter. The cyclonic spiral (fig. 3906) 
is marked by heavy cloud bands from which torrential rains fall, separated by areas 
of light rain or no rain at all. These spiral bands ascend in decks of cumulus and 


cumulonimbus clouds to the convective limit of cloud formation, where condensing 
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water vapor is swept off as ice-crystal wisps of cirrus clouds. Thunderstorm electri- 
cal activity is observed in these bands, both as lightning and as tiny electrostatic 
discharge. 

In the lower few thousand feet, air flows in through the cyclone, and is drawn 
upward through ascending columns of air near the center. The size and intensity 
decrease with altitude, the cyclonic circulation being gradually replaced above 
40,000 feet by an anticyclonic circulation centered hundreds of miles away—the 
enormous high-altitude pump which is the exhaust system of the hurricane heat 
engine. 


FicureE 3906.—Cutaway view of a hurricane greatly exaggerated in vertical dimension. Actual 
hurricanes are less than 50,000 feet high and may have a diameter of several hundred miles. 


At lower levels, where the hurricane is more intense, winds on the rim of the 
storm follow a wide pattern, like the slower currents around the edge of a whirl- 
pool; and, like those currents, these winds accelerate as they approach the center of 
the vortex. The outer band has light winds at the rim of the storm, perhaps no 
more than 25 knots; within 30 miles of the center, winds may have velocities 
exceeding 130 knots. The inner band is the region of maximum wind velocity, where 
the storm’s worst winds are felt, and where ascending air is chimneyed upward, 
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releasing heat to drive the storm. In most hurricanes, these winds reach 85 knots 
and more than 170 knots in the more memorable ones. 

In the hurricane, winds flow toward the low pressure in the warm, compara- 
tively calm core. There, converging air is whirled upward by convection, the me- 
chanical thrusting of other converging air, and the pumping action of high-altitude 
circulations. This spiral is marked by the thick cloud walls curling inward toward 
the storm center, releasing heavy precipitation and enormous quantities of heat 
energy. At the center, surrounded by a band in which this strong vertical circula- 
tion is greatest, is the eye of the hurricane. 

The eye, like the spiral rainbands, is unique to the hurricane; no other atmos- 
pheric phenomenon has this.calm core. On the average, eye diameter is about 14 
miles, although diameters of 25 miles are not unusual. From the heated tower of 
maximum winds and cumulonimbus clouds, winds diminish rapidly to something 
less than 15 miles per hour in the eye; at the opposite wall, winds increase again, 
but come from the opposite direction because of the cyclonic circulation of the 
storm. This transformation of storm into comparative calm, and calm into violence 
from another quarter is spectacular. The eye’s abrupt existence in the midst of 
opaque rainsqualls and hurricane winds, the intermittent bursts of blue sky and 
sunlight through light clouds in the core of the cyclone, and the galleried cumulus 
and cumulonimbus clouds are unforgettable. 

That is how an average hurricane is structured. But every hurricane is individ- 
ual, and the more or less orderly circulation described here omits the extreme 
variability and instability within the storm system. Pressure and temperature 
gradients fluctuate wildly across the storm as the hurricane maintains its erratic 
life in the face of forces which will ultimately destroy it. If it is an August storm, its 
average life expectancy is 12 days; if a July or November storm, it lives an average 
of 8 days. 

3907. Life of a tropical cyclone.—Reports from ships in the vicinity of an 
easterly wave (a westward-moving trough of low pressure embedded in deep easter- 
lies) indicate that the atmospheric pressure in the region has fallen more than 5 
millibars in the past 24 hours. This is cause for alarm because in the Tropics 
pressure varies little; the normal diurnal pressure change is only about 3 millibars. 
Satellite pictures indicate thickening middle and high clouds, squalls are reported 
ahead of the easterly wave, and wind reports indicate a cyclonic circulation is 
forming. The former easterly wave—now classified a tropical disturbance—is 
moving westward at 10 knots under the canopy of a large high-pressure system 
aloft. Sea surface temperatures in the vicinity are in the mid-80°F range. 

Within 48 hours winds increase to 25 knots near the center of definite circula- 
tion, and central pressure has dropped below 1000 millibars. The disturbance is now 
classified as a tropical depression. Soon the circulation extends out to 100 miles and 
upward to 20,000 feet. Winds near the center increase to gale force, central pressure 
falls below 990 millibars, and towering cumulonimbus clouds shield a developing 
eye; a tropical storm has developed. 

Satellite photographs now reveal a tightly organized tropical cyclone, and re- 
connaissance reports indicate maximum winds of 80 knots around a central pres- 
sure of 980 millibars; a hurricane has developed. A ship to the right (left in the 
Southern Hemisphere) of the hurricane’s center (looking toward the direction of 
storm movement) reports a 30-foot sea. The hurricane is fast maturing; it continues 


westward. 
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A few days later the hurricane reaches its peak. The satellite photographs a 
textbook picture (fig. 3907), as 120-knot winds roar around a 940-millibar pressure 
center; hurricane-force winds extend 50 miles in all directions, and seas are report- 
ed up to 40 feet. There is no further deepening now, but the hurricane begins to 
expand. In 2 days, gales extend out to 200 miles, and hurricane winds out to 75 
miles. Then the hurricane slows and begins to recurve; this turning marks the 
beginning of the end. 


FicureE 3907.—Satellite photograph of hurricane. 


The hurricane accelerates, and, upon reaching the temperate latitudes, it 
begins to lose its tropical characteristics. The circulation continues to expand But 
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now cold air is intruding (cold air, cold water, dry air aloft, and land aid in the 
decay of a tropical cyclone). The warm core survives for a few more days before the 
transformation to a large extratropical low-pressure system is complete. 

Not all tropical cyclones follow this ideal pattern. Most falter in the early 
stages, some dissipate over land, and others remain potent for several weeks. 

The lowest-sea-level pressure ever recorded was 877 millibars in typhoon Ida, 
on September 24, 1958. The observation was taken by a reconnaissance aircraft 
dropsonde some 750 miles east of Luzon, Philippines. This observation was obtained 
again in typhoon Nora on October 6, 1973. The lowest barometric reading of record 
for the United States is 892.3 millibars obtained during a hurricane at Lower 
Matecumbe Key, Florida in September 1935. In hurricane Camille in 1969, a 905 
millibar pressure was measured by reconnaissance aircraft. During a 1927 typhoon, 
the S. S. Sapoeroea recorded a pressure of 886.6 millibars, the lowest sea-level 
pressure reported from a ship. Pressure has been observed to drop more than 33 
millibars per hour, with a pressure gradient amounting to a change of 3.7 millibars 
per mile. 

3908. The marine weather broadcast is the most important tool the mariner 
has for avoiding the tropical cyclone. This broadcast, covering all tropical areas, 
provides information about the tropical cyclone’s present location, maximum winds 
and seas, and future condition. 

The U. S. Navy, the National Oceanic and Atmospheric Administration, and 
the U. S. Air Force have developed a highly effective surveillance system for the 
tropical cyclone areas of the world. Routine and special weather reports (from land 
stations, ships at sea, aircraft; daytime weather satellite reports, radar reports from 
land stations; special reports from ships at sea; and the specially instrumented 
weather reconnaissance aircraft of National Oceanic and Atmospheric Administra- 
tion and the U. S. Air Force) enable accurate detection, location, and tracking of 
tropical cyclones. International cooperation is good. In addition to improved satel- 
lites permitting nighttime surveillance, data buoys provide another new source of 
information for the protection of the mariner. 

The tropical warning services have three principal functions: 

1. the collection and analysis of the necessary observational data, 

2. the preparation of timely and accurate forecasts and warnings; and 

3. the rapid and efficient distribution of advisories, warnings, and all other 
pertinent information. 

To provide timely and accurate information and warnings regarding tropical 
cyclones, the oceans have been divided into overlapping geographical areas of 
responsibility. 

For detailed information on the areas of responsibility of the countries partici- 
pating in the international forecasting and warning program, and radio aids, refer 
to Selected Worldwide Marine Weather Broadcasts, published jointly by the Naval 
Oceanography Command and the National Weather Service. 

Although the areas of forecasting responsibility are fairly well defined for the 
Department of Defense, the international and domestic civilian system provides 
many overlaps and is dependent upon qualitative factors. For example, when a 
tropical storm or hurricane is traveling westward and crosses 35°W longitude, the 
continued issuance of forecasts and warnings to the general public, shipping inter- 
ests, etc., becomes the responsibility of the National Hurricane Center of the 
National Weather Service at Miami, Florida. When a tropical storm or hurricane 
crosses 35°W longitude traveling from west to east, the National Hurricane Center 
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ceases to issue formal public advisories, but will issue marine bulletins on any 
dangerous tropical cyclone in the North Atlantic, if it is of importance or consti- 
tutes a threat to shipping and other interests. These advisories are included in 
National Weather Service Marine Bulletins broadcast to ships over radio station 
NAM Norfolk, Virginia. (See Selected Worldwide Marine Weather Broadcasts). Spe- 
cial advisories may be issued at any time. 

In the eastern Pacific (east of longitude 140°W), responsibility for the issuance 
of tropical storm and hurricane advisories and warnings for the general public, 
merchant shipping, and other interests rests with the National Weather Service 
Eastern Pacific Hurricane Center, San Francisco, California. The Department of 
Defense responsibility rests with the Naval Western Oceanography Center, Pearl 
Harbor, Hawaii. Formal advisories and warnings are issued daily and are included 
in the marine bulletins broadcast by radio stations KFS, NMC, and NMQ. 

In the central Pacific (between the 180th meridian and longitude 140°W), the 
civilian responsibility rests with the National Weather Service Central Pacific 
Hurricane Center, Honolulu, Hawaii. Department of Defense responsibility rests 
with the Naval Western Oceanography Center, Pearl Harbor. Formal tropical storm 
and hurricane advisories and warnings are issued daily and are included in the 
marine bulletins broadcast by radio station NMO and NRV. 

Tropical cyclone information messages generally contain position of the storm, 
intensity, direction and speed of movement, and a description of the area of strong 
winds. Also included is a forecast of future movement and intensity. When the 
storm is likely to affect any land area, details on when and where it will be felt, 
and data on tides, rain, floods, and maximum winds are also included. Figure 3908 
provides an example of a marine advisory issued by the National Hurricane Center. 

The U. S. Navy’s Oceanography Command Center/Joint Typhoon Warning 
Center (JTWC) in Guam, has a primary area of responsibility for all U. S. tropical 
storm and typhoon advisories and warnings from the 180th meridian westward to 
the mainland of Asia. A secondary area of responsibility extends westward to 
longitude 90°E. Whenever a tropical cyclone is observed in the western North 
Pacific area, serially numbered warnings, bearing an immediate precedence are 
broadcast from the Oceanography Command Center/JTWC at 0000, 0600, 1200, and 
1800 GMT. 

The responsibility for issuing gale and storm warnings for the Indian Ocean, 
Arabian Sea, Bay of Bengal, Western Pacific, and South Pacific rests with many 
countries. In general, warnings of approaching tropical cyclones which may be 
hazardous will include the following information: storm type, central pressure given 
in millibars, windspeed observed within the storm, storm location, speed and direc- 
tion of movement, the extent of the affected area, visibility, and the state of the sea, 
as well as any other pertinent information received. All storm warning messages 
commence with the international call sign “TTT.” 

These warnings are broadcast on prespecified radio frequency bands immediate- 
ly upon receipt of the information and at specific intervals thereafter. Generally, 
the broadcast interval is every 6 to 8 hours, depending upon receipt of new informa- 
tion. 

Bulletins and forecasts are excellent guides to the present and future behavior 
of the tropical cyclone, and a plot should be kept of all positions. 

3909. The passage of a tropical cyclone at sea is an experience not soon to be. 
forgotten. 
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NOAA/NATIONAL HURRICANE CENTER MARINE ADVISORY NUM- 
BER 13 HURRICANE LADY 0400Z SEPTEMBER 21 19--. 


HURRICANE WARNINGS ARE DISPLAYED FROM KEY LARGO TO 
CAPE KENNEDY. GALE WARNINGS ARE DISPLAYED FROM KEY 
WEST TO JACKSONVILLE AND FROM FLORIDAY BAY TO CEDAR KEY. 


HURRICANE CENTER LOCATED NEAR LATITUDE 25.5 NORTH 
LONGITUDE 78.5 WEST AT 21/0400Z. POSITION EXCELLENT AC- 
CURATE WITHIN 10 MILES BASED ON AIR FORCE RECONNAISSANCE 
AND SYNOPTIC REPORTS. 


PRESENT MOVEMENT TOWARD THE WEST NORTHWEST OR 285 
DEGREES AT 10 KT. MAXSUSTAINED WINDS OF 100 KT NEAR 
CENTER WITH GUSTS TO 160 KT. 

MAX WINDS OVER INLAND AREAS 35 KT. 

RAD OF 65 KT WINDS 90 NE 60 SE 80 SW 90 NW QUAD. 

RAD OF 50 KT WINDS 120 NE 70 SE 90 SW 120 NW QUAD. 

RAD OF 30 KT WINDS 210 NE 210 SE 210 SW 210 NW QUAD. 
REPEAT CENTER LOCATED 25. 5N 78.3W at 21/0400Z. 


12 HOUR FORECAST VALID 21/1600Z LATITUDE 26.0N LONGI- 
TUDE 80.5W. 

MAX WINDS OF 100 KT NEAR CENTER WITH GUSTS TO 160 KT. 
MAX WINDS OVER INLAND AREAS 65 KT. 

RADIUS OF 50KT WINDS 120 NE 70 SE 90 SW 120 NW QUAD. 

24 HOUR FORECAST VALID 22/0400Z LATITUDE 26. ON 
LONGITUDE 83.0W. 

MAX WINDS OF 75 KT NEAR CENTER WITH GUSTS TO 120 KT. 
MAX WINDS OVER INLAND AREAS 45 KT, 

RADIUS OF 50 KT WINDS 120 NE 120 SE 120 SW 120 NW QUAD. 


STORM TIDE OF 9 TO 12 FT SOUTHEAST FLA COAST GREATER 
MIAMI AREA TO THE PALM BEACHES. 


NEXT ADVISORY AT 21/1000Z. 


Ficure 3908.—Example of marine advisory issued by National Hurricane Center. 


An early indication of the approach of such a storm is the presence of a long 
swell. In the absence of a tropical cyclone, the crests of swell in the deep waters of 
the Atlantic pass at the rate of perhaps eight per minute. Swell generated by a 
hurricane is about twice as long, the crests passing at the rate of perhaps four per 
minute. Swell may be observed several days before arrival of the storm. 

When the storm center is 500 to 1,000 miles away, the barometer usually rises 
a little, and the skies are relatively clear. Cumulus clouds, if present at all, are few 
in number and their vertical development appears suppressed. The barometer usu- 
ally appears restless, pumping up and down a few hundredths of an inch. 

As the tropical cyclone comes nearer, a cloud sequence begins which resembles 
that associated with the approach of a warm front in middle latitudes (art. 3811). 
Snow-white, fibrous “mare’s tails’ (cirrus) appear when the storm is about 300 to 
600 miles away. Usually these seem to converge, more or less, in the direction from 
which the storm is approaching. This convergence is particularly apparent at about 
the time of sunrise and sunset. 

Shortly after the cirrus appears, but sometimes before, the barometer starts a 
long, slow fall. At first the fall is so gradual that it only appears to alter somewhat 
the normal daily cycle (two maxima and two minima in the Tropics). As the rate of 
fall increases, the daily pattern is completely lost in the more or less steady fall. 

The cirrus becomes more confused and tangled, and then gradually gives way 
to a continuous veil of cirrostratus. Below this veil, altostratus forms, and then 
stratocumulus (art. 3713). These clouds gradually become more dense, and as they 
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do so, the weather becomes unsettled. A fine, mist-like rain begins to fall, interrupt- 
ed from time to time by showers. The barometer has fallen perhaps a tenth of an 
inch. 

As the fall becomes more rapid, the wind increases in gustiness, and its speed 
becomes greater, reaching a value of perhaps 22 to 40 knots (Beaufort 6-8). On the 
horizon appears a dark wall of heavy cumulonimbus (art. 3713), the bar of the 
storm. Portions of this heavy cloud become detached from time to time and drift 
across the sky, accompanied by rainsqualls and wind of increasing speed. Between 
squalls, the cirrostratus can be seen through breaks in the stratocumulus. 

As the bar approaches, the barometer falls more rapidly and wind speed 
increases. The seas, which have been gradually mounting, become tempestuous. 
Squall lines, one after the other, sweep past in ever increasing number and 
intensity. 

With the arrival of the bar, the day becomes very dark, squalls become virtual- 
ly continuous, and the barometer falls precipitously, with a rapid increase in wind 
speed. The center may still be 100 to 200 miles away in a fully developed tropical 
cyclone. As the center of the storm comes closer, the ever-stronger wind shrieks 
through the rigging and about the superstructure of the vessel. As the center 
approaches, rain falls in torrents. The wind fury increases. The seas become moun- 
tainous. The tops of huge waves are blown off to mingle with the rain and fill the 
air with water. Objects at a short distance are not visible. Even the largest and 
most seaworthy vessels become virtually unmanageable, and may sustain heavy 
damage. Less sturdy vessels may not survive. Navigation virtually stops as safety of 
the vessel becomes the prime consideration. The awesome fury of this condition can 
only be experienced. Words are inadequate to describe it. 

If the eye of the storm passes over the vessel, the winds suddenly drop to a 
breeze as the wall of the eye passes. The rain stops, and the skies clear sufficiently 
to permit the sun to shine through holes in the comparatively thin cloud cover. 
Visibility improves. Mountainous seas approach from all sides, apparently in com- 
plete confusion. The barometer reaches its lowest point, which may be 1% or 2 
inches below normal in fully developed tropical cyclones. As the wall on the 
opposite side of the eye arrives, the full fury of the wind strikes as suddenly as it 
ceased, but from the opposite direction. The sequence of conditions that occurred 
during approach of the storm is reversed, and passes more quickly, as the various 
parts of the storm are not as wide in the rear of a storm as on its forward side. 

Typical cloud formations associated with a hurricane are shown in figure 3909. 

3910. Locating the center of a tropical cyclone.—If intelligent action is to be 
taken to avoid the full fury of a tropical cyclone, early determination of its location 
and direction of travel relative to the vessel is essential. The bulletins and forecasts 
are an excellent general guide, but they are not infallible and may be sufficiently in 
error to induce a mariner in a critical position to alter course so as to unwittingly 
increase the danger to his vessel. Often it is possible, using only those observations 
made aboard ship, to obtain a sufficiently close approximation to enable the vessel 
to maneuver to the best advantage. 

As stated in article 3909, the presence of an exceptionally long swell is usually 
the first visible indication of the existence of a tropical cyclone. In deep water it 
approaches from the general direction of origin (the position of the storm center 
when the swell was generated). However, in shoaling water this is a less reliable 
indication because the direction is changed by refraction, the crests being more - 
nearly parallel to the bottom contours. 
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FicureE 3909.—Typical hurricane cloud formations. 


When the cirrus clouds appear, their point of convergence provides an indica- 
tion of the direction of the storm center. If the storm is to pass well to one side of 
the observer, the point of convergence shifts slowly in the direction of storm 
movement. If the storm center will pass near the observer, this point remains 
steady. When the bar (art. 3909) becomes visible, it appears to rest upon the horizon 
for several hours. The darkest part of this cloud is in the direction of the storm 
center. If the storm is to pass to one side, the bar appears to drift slowly along the 
horizon. If the storm is heading directly toward the observer, the position of the bar 
remains fixed. Once within the area of the dense, low clouds, one should observe 
their direction of movement, which is almost exactly along the isobars, with the 
center of the storm being 90° from the direction of cloud movement (left of direction 
of movement in the Northern Hemisphere, and right in the Southern Hemisphere). 

The winds are probably the best guide to the direction of the center of a 
tropical cyclone. The circulation is cyclonic (art. 3812), but because of the steep 
pressure gradient near the center, the winds there blow with greater violence and 
are more nearly circular than in extratropical cyclones. 

According to Buys Ballot’s law (art. 3812) an observer who faces into the wind 
has the center of the low pressure on his right in the Northern Hemisphere, and on 
his left in the Southern Hemisphere, and in each case somewhat behind him. If the 
wind followed circular isobars exactly, the center would be exactly 8 points, or 90°, 
from dead ahead when facing into the wind. However, the track of the wind is 
usually inclined somewhat toward the center, so that the angle from dead ahead 
varies between perhaps 8 and 12 points (90° to 135°). The inclination varies in 
different parts of the same storm. It is least in front of the storm, and greatest in 
the rear, since the actual wind is the vector sum of that due to the pressure 
gradient and the motion of the storm along the track. A good average is perhaps 10 
points in front, and 11 or 12 points in the rear. These values apply when the storm 
center is still several hundred miles away. Closer to the center, the wind blows 
more nearly along the isobars, the inclination being reduced by one or two points at 
the wall of the eye. Since wind direction usually shifts temporarily during a squall, 
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its direction at this time should not be used for determining the position of the 
center. The approximate relationship of wind to isobars and storm center in the 


Northern Hemisphere is shown in figure 3910a. 
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FicurE 3910a.—Approximate relationship of wind to isobars and storm center in the Northern 
Hemisphere. 


When the center is within radar range, it might be located by this equipment. 
However, since the radar return is predominantly from the rain, results can be 
deceptive, and other indications should not be neglected. Figure 3910b shows a 
radar PPI presentation of a tropical cyclone. If the eye is out of range, the spiral 
bands (fig. 3910b) may indicate its direction from the vessel. Tracking the eye or 
upwind portion of the spiral bands enables determining the direction and speed of 
movement; this should be done for at least 1 hour because the eye tends to oscillate. 
The tracking of individual cells, which tend to move tangentially around the eye, 
for 15 minutes or more, either at the end of the band or between bands, will provide 
an indication of the wind speed in that area of the storm. 

Distance from the storm center is more difficult to determine than direction. 
Radar is perhaps the best guide. However, the rate of fall of the barometer is some 


indication. 
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Figure 3910b.—Radar PPI presentation of a tropical cyclone. 


3911. Maneuvering to avoid the storm center.—The safest procedure with 
respect to tropical cyclones is to avoid them. If action is taken sufficiently early, 
this is simply a matter of setting a course that will take the vessel well to one side 
of the probable track of the storm, and then continuing to plot the positions of the 
storm center, as given in the weather bulletins, revising the course as needed. 

However, such action is not always possible. If one finds himself within the 
storm area, the proper action to take depends in part upon his position relative to 
the storm center and its direction of travel. It is customary to divide the circular 
area of the storm into two parts. In the Northern Hemisphere, that part to the 
right of the storm track (facing in the direction toward which the storm is moving) 
is called the dangerous semicircle. It is considered dangerous because (1) the actual 
wind speed is greater than that due to the pressure gradient alone, since it is 
augmented by the forward motion of the storm, and (2) the direction of the wind 
and sea is such as to carry a vessel into the path of the storm (in the forward part 
of the semicircle). The part to the left of the storm track is called the navigable 
semicircle. In this part, the wind is decreased by the forward motion of the storm, 
and the wind blows vessels away from the storm track (in the forward part). 
Because of the greater wind speed in the dangerous semicircle, the seas are higher 
than in the navigable semicircle. In the Southern Hemisphere, the dangerous 
semicircle is to the left of the storm track, and the navigable semicircle is to the 
right of the storm track. 

A plot of successive positions of the storm center should indicate the semicircle 
in which a vessel is located. However, if this is based upon weather bulletins, it is 
not a reliable guide because of the lag between the observations upon which the 
bulletin is based and the time of reception of the bulletin, with the ever present 
possibility of a change in the direction of motion of the storm. The use of one’s 
radar eliminates this lag, but the return is not always a true indication of the 
center. Perhaps the most reliable guide is the wind. Within the cyclonic circulation, 
a veering wind (one changing direction to the right in the Northern Hemisphere 
and to the left in the Southern Hemisphere) indicates the vessel is probably in the 
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dangerous semicircle, and a backing wind (one changing in a direction opposite to a 
veering wind) indicates the vessel is probably in the navigable semicircle. However, 
if a vessel is underway, its motion should be considered. If it is outrunning the 
storm or pulling rapidly toward one side (which is not difficult during the early 
stages of a storm, when its speed is low), the opposite effect occurs. This should 
usually be accompanied by a rise in atmospheric pressure, but if motion of the 
vessel is nearly along an isobar, this may not be a reliable indication. If in doubt, 
the safest action is usually to stop long enough to determine definitely the semicir- 
cle. The loss in valuable time may be more than offset by the minimizing of the 
possibility of taking the wrong action and increasing the danger to the vessel. If the 
wind direction remains steady (for a vessel which is stopped), with increasing speed 
and falling barometer, the vessel is in or near the path of the storm. If it remains 
steady with decreasing speed and rising barometer, the vessel is on the storm track, 
behind the center. 

The first action to take if one finds himself within the cyclonic circulation, is to 
determine the position of his vessel with respect to the storm center. While the 
vessel can still make considerable way through the water, a course should be 
selected to take it as far as possible from the center. If the vessel can move faster 
than the storm, it is a relatively simple matter to outrun the storm if sea room 
permits. But when the storm is faster, the solution is not as simple. In this case, the 
vessel, if ahead of the storm, will approach nearer to the center. The problem is to 
select a course that will produce the greatest possible minimum distance. This is 
best determined by means of a relative movement plot, as shown in the following 
example solved on a maneuvering board. 

Example.—A tropical cyclone is estimated to be moving in direction 320° at 19 
knots. Its center bears 170°, at an estimated distance of 200 miles from a vessel 
which has a maximum speed of 12 knots. 

Required.—(1) The course to steer at 12 knots to produce the greatest possible 
minimum distance between the vessel and the storm center. 

(2) The distance of the storm center at nearest approach. 

(3) Elapsed time until nearest approach. 

Solution (fig. 3911).—Consider the vessel remaining at the center of the plot 
throughout the solution, as on a radar PPI. 

(1) Plot point C at a distance of 200 miles (scale 20:1) in direction 170° from the 
center of the diagram, to locate the position of the storm center relative to the 
vessel. From the center of the diagram, draw RA, the speed vector of the storm 
center, in direction 320°, speed 19 knots (scale 2:1). From A draw a line tangent to 
the 12-knot speed circle (labeled 6 at scale 2:1) on the side opposite the storm center. 
From the center of the diagram draw a perpendicular to this tangent line, locating 
point B. The line RB is the required speed vector for the vessel. Its direction, 011°, 
is the required course. 

(2) The path of the storm center relative to the vessel, will be along a line from 
C in the direction BA, if both storm and vessel maintain course and speed. The 
point of nearest approach will be at D, the foot of a perpendicular from the center 
of the diagram. This distance, at scale 20:1, is 187 miles. 

(3) The length of the vector BA (14.8 knots) is the speed of the storm with 
respect to the vessel. Mark this on the lowest scale of the nomogram at the bottom 
of the diagram. The relative distance CD is 72 miles, by measurement. Mark this 
(scale 10:1) on the middle scale at the bottom of the diagram. Draw a line between 
the two points and extend it to intersect the top scale at 29.2 (292 at 10:1 scale). The. 
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MANEUVERING BOARD 


Figure 3911.—Solution to determine course for avoiding storm center. 


elapsed time is therefore 292 minutes, or 4 hours 52 minutes, or 5 hours, approxi- 
mately. 

Answers —Uy C 01t (2) D 167 mi, (3) t 5° (approximately). 

The storm center will be dead astern at its nearest approach. 

As a very general rule, for a vessel in the Northern Hemisphere, safety lies in 
placing the wind on the starboard bow in the dangerous semicircle and on the 
starboard quarter in the navigable semicircle. If on the storm track ahead of the 
storm, the wind should be put about 2 points on the starboard quarter until the 
vessel is well within the navigable semicircle, and the rule for that semicircle then 
followed. A study of figure 3910a should indicate why these headings are desirable. 
In the Southern Hemisphere the same rules hold, but with respect to the port side. 
With a faster than average vessel, the wind can be brought a little farther aft in 
each case. However, as the speed of the storm increases along its track, the wind 
should be brought farther forward. If land interferes with what would otherwise be 
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the best maneuver, the solution should be altered to fit the circumstances. If the 
speed of a vessel is greater than that of the storm, it is possible for the vessel, if 
behind the storm, to overtake it. In this case, the only action usually needed is to 
slow enough to let the storm pulh ahead. 

In all cases, one should be alert to changes in the direction of movement of the 
storm center, particularly in the area where the track normally curves toward the 
pole. If the storm maintains its direction and speed, the ship’s course should be 
maintained as the wind shifts. 

If it becomes necessary for a vessel to heave to, the characteristics of the vessel 
should be considered. A power vessel is concerned primarily with damage by direct 
action of the sea. A good general rule is to heave to with head to the sea in the 
dangerous semicircle or stern to the sea in the navigable semicircle. This will result 
in greatest amount of headway away from the storm center, and least amount of 
leeway toward it. If a vessel handles better with the sea astern or on the quarter, it 
may be placed in this position in the navigable semicircle or in the rear half of the 
dangerous semicircle, but never in the forward half of the dangerous semicircle. It 
has been reported that when the wind reaches hurricane speed and the seas become 
confused, some ships ride out the storm best if the engines are stopped, and the 
vessel is permitted to seek its own position. In this way, it is said, the ship rides 
with the storm instead of fighting against it. 

In a sailing vessel, while attempting to avoid a storm center, one should steer 
courses as near as possible to those prescribed above for power vessels. However, if 
it becomes necessary for such a vessel to heave to, the wind is of greater concern 
than the sea. A good general rule always is to heave to on whichever tack permits 
the shifting wind to draw aft. In the Northern Hemisphere this is the starboard 
tack in the dangerous semicircle and the port tack in the navigable semicircle. In 
the Southern Hemisphere these are reversed. 

While each storm requires its own analysis, and frequent or continual resurvey 
of the situation, the general rules for a steamer may be summarized as follows: 


NORTHERN HEMISPHERE 


Right or dangerous semicircle——Bring the wind on the starboard bow (045° 
relative), hold course and make as much way as possible. If obliged to heave to, do 
so with head to the sea. 

Left or navigable semicircle.—Bring the wind on the starboard quarter (135° 
relative), hold course and make as much way as possible. If obliged to heave to, do 
so with stern to the sea. 

On storm track, ahead of center.—Bring the wind 2 points on the starboard 
quarter (about 160° relative), hold course and make as much way as possible. When 
well within the navigable semicircle, maneuver as indicated above. 

On storm track, behind center.—Avoid the center by the best practicable 
course, keeping in mind the tendency of tropical cyclones to curve northward and 
eastward. 


SOUTHERN HEMISPRERE 


Left or dangerous semicircle.—Bring the wind on the port bow (315° relative), 
hold course and make as much way as possible. If obliged to heave to, do so with — 
head to the sea. 
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Right or navigable semicircle.—Bring the wind on the port quarter (225° rela- 
tive), hold course and make as much way as possible. If obliged to heave to, do so 
with stern to the sea. 

On storm track, ahead of center.—Bring the wind 2 points on the port quarter 
(about 200° relative), hold course and make as much way as possible. When well 
within the navigable semicircle, maneuver as indicated above. 

On storm track, behind center.—Avoid the center by the best practicable 
course, keeping in mind the tendency of tropical cyclones to curve southward and 
eastward. 

Whenever a tropical cyclone is encountered, the wise procedure is to begin 
preparing the vessel for heavy weather in sufficient time to permit thorough 
preparation, so that damage may be minimized. One should be particularly careful 
to keep free surfaces of liquids to a minimum. 

It is possible, particularly in temperate latitudes after the storm has recurved, 
that the dangerous semicircle is the left one in the Northern Hemisphere (right one 
in the Southern Hemisphere). This can occur if a large high lies north of the storm 
and causes a tightening of the pressure gradient in the region. 

Typhoon Havens Handbook for the Western Pacific and Indian Oceans is pub- 
lished by the Naval Environmental Prediction Research Facility, Monterey, Califor- 
nia, as an aid to commanders and commanding officers of ships in evaluating a 
typhoon situation and to assist them in deciding whether to sortie, to evade, or to 
remain in port to take shelter within a specific harbor. 

3912. Effects.—The high winds of a tropical cyclone inflict widespread damage 
when such a storm leaves the ocean and crosses land. Aids to navigation may be 
blown out of position or destroyed. Craft in harbors, unless they are properly 
secured, drag anchor or are blown against obstructions. Ashore, trees are blown 
over, houses are damaged, power lines are blown down, etc. The greatest damage 
usually occurs in the dangerous semicircle a short distance from the center, where 
the strongest winds occur. As the storm continues on across land, its fury subsides 
faster than it would if it had remained over water. 

Wind instruments are usually incapable of measuring the 175- to 200-knot 
winds of the more intense hurricanes; if the instrument holds up, often the support- 
ing structure gives way. 

Wind gusts, which are usually 30 to 50 percent higher than sustained winds, 
add significantly to the destructiveness of the tropical cyclone. Many tropical cy- 
clones that reach hurricane intensity develop winds of more than 90 knots some- 
time during their lives, but few develop winds of more than 130 knots. 

Tropical cyclones have produced some of the world’s heaviest rainfalls. While 
average amounts range from 6 to 10 inches, totals near 100 inches over a 4-day 
period have been observed. A 24-hour world’s record of 73.62 inches fell at Reunion 
Island during a tropical cyclone in 1952. Forward movement of the storm and land 
topography have a considerable influence on rainfall totals. Torrential rains can 
occur when a storm moves against a mountain range; this is common in the 
Philippines and Japan, where even weak tropical depressions produce considerable 
rainfall. A 24-hour total of 46 inches was recorded in the Philippines during a 
typhoon in 1911. As hurricane Camille crossed southern Virginia’s Blue Ridge 
Mountains in August of 1969, there was nearly 30 inches of rain in about 8 hours. 
This caused some of the most disastrous floods in the state’s history. 

Flooding is an extremely destructive by-product of the tropical cyclone’s torren- 
tial rains. Whether an area will be flooded depends on the physical characteristics 
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of the drainage basin, rate and accumulation of precipitation, and river stages at 
the time the rains begin. When heavy rains fall over flat terrain, the countryside 
may lie underwater for a month or so, and while buildings, furnishings, and 
underground powerlines may be damaged, there are usually few fatalities. In moun- 
tainous or hill country. disastrous floods develop rapidly and can cause a great loss 
of life. 

There have been occasional reports in tropical cyclones of waves greater than 
40 feet in height, and numerous reports in the 30- to 40-foot category. However, in 
tropical cyclones, strong winds rarely persist for a sufficiently long time or over a 
large enough area to permit enormous wave heights to develop. The direction and 
speed of the wind changes more rapidly in tropical cyclones than in extratropical 
storms. Thus, the maximum duration and fetch length for any wind condition is 
often less in tropical cyclones than in extratropical storms of similar intensity, and 
the waves accompanying any given local wind conditions are generally not so high 
as those expected, with similar local wind conditions, in the high-latitude-type 
storms. In hurricane Camille, significant waves of 43 feet were recorded; an ex- 
treme wave height reached 72 feet. 

Exceptional conditions may arise when waves of certain dimensions travel 
within the storm at a speed equal to the storm’s speed, thus, in effect, extending the 
duration and fetch of the wave and significantly increasing its height. This occurs 
most often to the right of the track in the Northern Hemisphere (left of the track in 
the Southern Hemisphere). Another condition that may give rise to exceptional 
wave heights is the intersection of waves from two or more distinct directions. This 
may lead to a zone of confused seas in which the heights of some waves will equal 
the sum in each individual wave train. This process can occur in any quadrant of 
the storm and so it should not be assumed that the highest waves will always be 
encountered to the right of the storm track in the Northern Hemisphere (left of the 
track in the Southern Hemisphere). 

When these waves move beyond the influence of the generating winds, they 
become swell. They are recognized by their smooth, undulating form, in contrast to 
the steep, ragged crests of the winds’ waves. This swell, particularly that generated 
by the right side of the storm, can travel a thousand miles or more and may 
produce tides 3 or 4 feet above normal along several hundred miles of coastline. 

When a tropical cyclone moves close to a coast, wind often causes a rapid rise 
in water level, and along with the falling pressure may produce a storm surge. This 
surge is usually confined to the right of the track in the Northern Hemisphere (left 
of the track in the Southern Hemisphere) and to a relatively small section of the 
coastline. It most often occurs with the approach of the storm, but in some cases, 
where a surge moves into a long channel, the effect may be delayed. Occasionally, 
the greatest rise in water is observed on the opposite side of the track, when 
northerly winds funnel into a partially landlocked harbor. The surge could be 3 feet 
or less, or it could be 20 feet or more, depending on the combination of all the 
factors involved. 

There have been reports of a “hurricane wave,” described as a “wall of water,” 
which moves rapidly toward the coastline. Authenticated cases are rare, but some 
of the world’s greatest natural disasters have occurred as a result of this wave, 
which may be just a rapidly rising and abnormally high storm surge. In India, such 
a disaster occurred in 1876, between Calcutta and Chittagong, and drowned more . 
than 100,000 persons. 
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Along the coast, particularly, greater damage may be inflicted by water than 
by the wind. There are at least four sources of water damage. First, the unusually 
high seas generated by the storm winds pound against shore installations and craft 
in their way. Second, the continued blowing of the wind toward land causes the 
water level to increase perhaps 3 to 10 feet above its normal level. This storm tide, 
which may begin when the storm center is 500 miles or even farther from the 
shore, gradually increases until the storm passes. The highest storm tides are 
caused by a slow-moving tropical cyclone of large diameter, because both of these 
effects result in greater duration of wind in the same direction. The effect is 
greatest in a partly enclosed body of water, such as the Gulf of Mexico, where the 
concave coastline does not readily permit the escape of water. It is least on small 
islands, which present little obstruction to the flow of water. Third, the furious 
winds which blow around the wall of the eye create a ridge of water called a storm 
wave, which strikes the coast and often inflicts heavy damage. The effect is similar 
to that of a seismic sea wave, caused by an earthquake in the ocean floor. Both of 
these waves are popularly called tidal waves. Storm waves of 20 feet or more have 
occurred. About 3 or 4 feet of this is due to the decrease of atmospheric pressure, 
and the rest to winds. Like the damage caused by wind, that due to high seas, the 
storm surge and tide, and the storm wave is greatest in the dangerous semicircle, 
near the center. The fourth source of water damage is the heavy rain that accompa- 
nies a tropical cyclone. This causes floods that add to the damage caused in other 
ways. 

There have been many instances of tornadoes occurring within the circulation 
of tropical cyclones. Most of these have been associated with tropical cyclones of the 
North Atlantic Ocean and have occurred in the West Indies and along the gulf and 
Atlantic coasts of the United States. They are usually observed in the forward 
semicircle or along the advancing periphery of the storm. These tornadoes are 
usually short-lived and less intense than those that occur in the midwestern United 
States. 

When proceeding along a shore recently visited by a tropical cyclone, a naviga- 
tor should remember that time is required to restore aids to navigation which have 
been blown out of position or destroyed. In some instances the aid may remain but 
its light, sound apparatus, or radiobeacon may be inoperative. Landmarks may have 
been damaged or destroyed. 
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CHAPTER XL 


RADIO WAVES 


4001. Source of radio waves.—All matter is made up of tiny particles called 
atoms. Each atom has a central nucleus composed principally of subatomic parti- 
cles called protons and neutrons. One or more electrons revolve around the nucleus 
in orbits resembling those of planets around the sun (art. 1407). The number and 
arrangement of the particles constituting an atom of each element of matter 
determine the properties of that element. Electrons, each having a mass of only 
about 1/1,840 that of a proton or neutron, are kept in their orbits principally by 
means of an attractive electrical force, each electron carrying one negative 
“charge” and each proton one positive “charge.” Like charges repel and unlike 
charges attract. This electrical attraction is additional to the gravitational attrac- 
tion existing between all particles in the universe. The neutron is electrically 
neutral. 

Under suitable conditions, some electrons become detached from their atoms. 
An excess or deficiency of electrons in a nonconductor is called static electricity. A 
substance which provides a path for electron movement with relatively little resist- 
ance is called a conductor. A flow of electrons along such a conductor constitutes 
an electric current, although the current direction is conventionally considered to 
be opposite to the direction of flow of the electrons. A direct current flows continu- 
ously in the same direction. If the strength of the current varies rhythmically but 
does not change direction, the current is said to be pulsating. If the direction of flow 
periodically reverses, an alternating current results. 

In addition to its electrical and gravitational forces, a moving electron is 
accompanied by a magnetic force. As long as the flow is steady, the magnetic force 
is constant. If a conductor is in the region of influence or field of magnetism, there 
is no noticeable effect unless the strength of the field is changing, or relative 
motion exists between the conductor and the field, when an induced current flows 
in the conductor. The extent to which a substance has electrons free to move under 
suitable influence determines its value as a conductor. One which offers great 
resistance to such flow is called an insulator. 

In a suitable electrical system, an electric charge creates a magnetic field 
which builds up to a maximum. If the electric current is then discontinued, the 
magnetic field collapses. This change in the strength of the magnetic field induces 
an electric current in the conductor, but in the opposite direction to the original 
current. This current creates a new magnetic field, and the cycle repeats. Thus, an 
alternating current is produced, the strength increasing to a maximum in one 
direction, decreasing to zero, increasing to a maximum in the opposite direction, 
and again decreasing to zero to start a new cycle. This cycle is repeated many times 
each second, the number depending upon the characteristics of the system. Such a 
system is called an oscillating circuit. 

A relatively small amount of energy is dissipated as heat in overcoming the 
resistance of the circuit. The remainder continues to oscillate between electric and 
magnetic fields. The build-up and collapse of each field occurs at about the speed of 
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light, which is approximately 186,000 statute miles (300,000,000 meters) per second. 
If a relatively long period of time is available for the cycle to occur, the energy is 
fully transferred before the next step occurs. However, if the cycle is speeded until 
the time needed for each field to build up or collapse is more than about one-half 
cycle, some of the energy becomes detached and is radiated into space, through 
which it travels at about the speed of light. This electromagnetic radiation, having 
both electrical and magnetic properties, is known as radio waves, if of a frequency 
suitable for radio communication. 

4002. Radio wave terminology.—The build-up and collapse of the electric and 
magnetic fields are proportional to the sine of the portion of the cycle completed, as 
shown in figure 4002. This representation has led to the use of the term “wave” 
when referring to electromagnetic propagation. The highest point on the curve (in 
the direction considered positive) is the crest, and the lowest point the trough. 
Either point may be called the peak, considered positive or negative if a distinction 
is desired. The displacement of a peak from zero is called the amplitude. The 
forward side of any wave is called the wave front. For a nondirectional antenna 
each wave proceeds outward as an expanding sphere (or hemisphere). 

One cycle is a complete sequence of values, as from crest to crest. The distance 
traveled by the energy during one cycle is the wavelength, usually expressed in 
metric units (meters, centimeters, etc.). The number of cycles repeated during unit 
time (usually one second) is the frequency. This is given in hertz (cycles per second). 
A kilohertz (kHz) is 1,000 cycles per second. A megahertz (MHz) is 1,000,000 cycles 
per second. Wavelength and frequency are inversely proportional. The approximate 
value of either may be found by dividing 300,000,000 by the other quantity, if 
wavelength is expressed in meters and frequency in hertz. Thus, if the frequency is 
1,500 kilohertz (1,500,000 cycles per second), the wavelength is 


we : 1 Hee ei ore 
WAVE LENGTH 


Crest 


AMPLITUDE 


FIELD STRENGTH 
= & — > 


Trough 


TIME OR 
F DISTANCE 
Ficure 4002.—Radio wave terminology. 
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If the wavelength is 10 centimeters (0.1 meter), the frequency is about 
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a eas 00,000,000 


cycles per second or 3 gigahertz. A more precise value for the speed of propagation 
in air is 299,708,000 meters per second. This is equivalent to 186,230 statute miles, - 
or 161,829 nautical miles, per second. The exact value varies slightly with density of 
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the medium through which the wave travels, and frequency. The speed in a vacuum 
is a little more than that in air. 

The phase of a wave is the amount by which the cycle has progressed from a 
specified origin. For most purposes it is stated in circular measure, a complete cycle 
being considered 860°. Generally, the origin is not important, principal interest 
being the phase relative to that of some other wave. Thus, two waves having crests 
one-fourth cycle apart are said to be 90° “out of phase.” If the crest of one wave 
occurs at the trough of another, the two are 180° out of phase. 

4003. Electromagnetic spectrum.—The entire range of electromagnetic radi- 
ation frequencies is called the electromagnetic spectrum. The range of frequencies 
suitable for radio transmission, called the radio spectrum, extends from 10 kilo- 
hertz to 300,000 megahertz, approximately. For convenience, it is divided into a 
number of bands, as shown in table 4003. Below the radio spectrum, but overlap- 
ping it, is the audio frequency band, extending from 20 to 20,000 hertz, approxi- 
mately. This is the range of frequencies that can be heard by the human ear. Above 
the radio spectrum are heat and infrared, the visible spectrum (light in its various 
colors), ultraviolet, X-rays, gamma rays, and cosmic rays. These are included in 
table 4003. Waves shorter than 30 centimeters are usually called microwaves. 


Band Abbrevi- Range of frequency Range of wavelength 
ation 

Audio frequency AF 20 to 20,000 Hz 15,000,000 to 15,000 m 
Radio frequency RFE 10 kHz to 300,000 MHz 30,000 m to 0.1 cm 

Very low frequency VLF 10 to 30 kHz 30,000 to 10,000 m 

Low frequency LF 30 to 300 kHz 10,000 to 1,000 m 

Medium frequency MF 300 to 3,000 kHz 1,000 to 100 m 

High frequency HF 3 to 30 MHz 100 to 10 m 

Very high frequency | VHF 30 to 300 MHz 10 to 1m 

Ultra high fre- UHF 300 to 3,000 MHz 100 to 10 cm 

uency 
Super high fre- SHF 3,000 to 30,000 MHz 10 to 1 cm 
quency 
Extremely high EHF 30,000 to 300,000 MHz 1 to 0.1 cm 
frequency 

Heat and infrared* 108 to 3.9 108 MHz 0.03 to 7.6 10~ cm 
Visible spectrum* 3.9108 to 7.9108 MHz 7.6X10-5 to 3.8X10-> cm 
Ultraviolet* 7.9108 to 2.3109 MHz | 3.8xX10-> to 1.38xX10-* cm 
X-rays* 2.0% 10° to 3.0X103 MHz | 1.5xX10-5 to 1.0X10~-* cm 
Gamma rays* 2.3% 102 to 3.0104 MHz | 1.8x10-8 to 1.0X107%° cm 
Cosmic rays* > 4.810% MHz < 6.2X10-” cm 


*Values approximate. 


TABLE 4003.—Electromagnetic spectrum. 


4004. Polarization.—As indicated in article 4001, radio waves have both electric 
and magnetic fields. The two fields are conceived as having direction associated 
with the orientation of the vibrations. The direction of the electric component of the 
field is called the polarization of the electromagnetic field. Thus, if the electric 
component is vertical, the wave is said to be ‘vertically polarized,” and if horizon- 
tal, “horizontally polarized.” A wave traveling through space may be polarized in 
any direction. One traveling along the surface of the earth is always vertically 
polarized because the earth, a conductor, short-circuits any horizontal component. 
The magnetic field and the electric field are always mutually perpendicular. 

4005. Reflection.—When radio waves strike a surface, they are reflected in the © 
same manner as light waves, if conditions are favorable. Radio waves of all frequen- 
cies are reflected by the surface of the earth. The strength of the reflected wave 
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depends upon grazing angle (the angle between the incident ray and the horizon- 
tal), type of polarization, frequency, reflecting properties of the surface, and diver- 
gence of the reflected ray. Lower frequency results in greater penetration. At very 
low frequencies usable radio signals can be received some distance below the sur- 
face of the sea. 

A change of phase takes place when a wave is reflected from the surface of the 
earth. The amount of the change varies with the conductivity of the earth and the 
polarization of the wave, reaching a maximum of 180° for a horizontally polarized 
wave reflected from seawater (considered to have infinite conductivity). When 
direct waves (those traveling from transmitter to receiver in a relatively straight 
line, without reflection) and reflected waves arrive at a receiver, the total signal is 
the vector sum of the two. If the signals are in phase, they reinforce each other, 
producing a stronger signal. If there is a phase difference, the signals tend to cancel 
each other, the cancellation being complete if the phase difference is 180° and the 
two signals have the same amplitude. This interaction of waves is called wave 
interference. A phase difference may occur because of the change of phase of a 
reflected wave, or because of the longer path followed by it. The second effect 
decreases with greater distance between transmitter and receiver, for under these 
conditions the difference in path lengths is smaller. At lower frequencies there is no 
practical solution to interference caused in this way. For VHF and higher frequen- 
cies the condition can be improved by elevating the antenna, if the wave is vertical- 
ly polarized. Also, interference at higher frequencies can be more nearly eliminated 
because of the greater ease of beaming the signal to avoid reflection. 

Reflections may also occur from mountains, trees, and other obstacles. Such 
reflection is negligible for lower frequencies, but becomes more prevalent as fre- 
quency increases. In radio communication it can be reduced by using directional 
antennas, but this solution is not always available for navigational systems. 

Various reflecting surfaces occur in the atmosphere. At high frequencies, reflec- 
tions take place from rain. At still higher frequencies, reflections are possible from 
clouds, particularly rain clouds. Reflections may even occur at a sharply defined 
boundary surface between airmasses, as when warm, moist air flows over cold, dry 
air. When such a surface is roughly parallel to the surface of the earth, radio waves 
may travel for greater distances than normal. A somewhat similar condition is 
described in article 4006. The principal source of reflection in the atmosphere is the 
ionosphere (arts. 4007, 4008). 

4006. Refraction of radio waves is similar to that of light waves (art. 1606). 
Thus, as a signal passes from air of one density to that of a different density, the 
direction of travel is altered. The principal cause of refraction in the atmosphere is 
the difference in temperature and pressure occurring at various heights and in 
different airmasses. 

Refraction occurs at all frequencies, but at those below 30 MHz the effect is 
small as compared with ionospheric effects (art. 4008), diffraction (art. 4009), and 
absorption (art. 4010). At higher frequencies, refraction in the lower layer of the 
atmosphere extends the radio horizon to a distance about 15 percent greater than 
the visible horizon. The effect is the same as if the radius of the earth were about 
one-third greater than it is, and there were no refraction. 

Sometimes the lower portion of the atmosphere becomes stratified with horizon- 
tal layers of air having certain characteristics, resulting in nonstandard tempera- 
ture and moisture changes with height. If there is a marked temperature inversion. 
(art. 3814) or a sharp decrease in water vapor content with increased height, a 
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horizontal radio duct may be formed. High frequency radio waves traveling horizon- 
tally within the duct are refracted to such an extent that they remain within the 
duct, following the curvature of the earth for phenomenal distances. This is called 
super-refraction. Maximum results are obtained when both transmitting and re- 
ceiving antennas are within the duct. There is a lower limit to the frequency 
affected by ducts. It varies from about 200 MHz to more than 1,000 MHz. 

At night, surface ducts may occur over land due to cooling of the surface. At 
sea, surface ducts about 50 feet thick may occur at any time in the trade wind belt. 
Surface ducts 100 feet or more in thickness may extend from land out to sea when 
warm air from the land flows over the cooler ocean surface. Elevated ducts from a 
few feet to more than 1,000 feet in thickness may occur at elevations of 1,000 to 
5,000 feet, due to the settling of a large airmass. This is a frequent occurrence in 
Southern California and certain areas of the Pacific Ocean. 

Refraction effects associated with the ionosphere are discussed in article 4008. 

A bending in the horizontal plane occurs when a groundwave (art. 4008) crosses 
a coast at an oblique angle. This is due to a marked difference in the conducting 
and reflecting properties of the land and water over which the wave travels. The 
effect is known as coastal refraction or land effect. 

4007. The ionosphere.—Since an atom normally has an equal number of nega- 
tively charged electrons and positively charged protons, it is electrically neutral. An 
ion is an atom or group of atoms which has become electrically charged, either 
positively or negatively, by the loss or gain of one or more electrons. 

Loss of electrons may occur in a variety of ways. In the atmosphere, ions are 
usually formed by collision of atoms with rapidly moving particles, or by the action 
of cosmic rays or ultraviolet light. In the lower portion of the atmosphere, recombi- 
nation soon occurs, leaving a small percentage of ions. In thin atmosphere far above 
the surface of the earth, however, atoms are widely separated and a large number 
of ions may be present. The region of numerous positive and negative ions and 
unattached electrons is called the ionosphere. The extent of ionization depends 
upon the kinds of atoms present in the atmosphere, the density of the atmosphere, 
and the position relative to the sun (time of day and season). After sunset, ions and 
electrons recombine faster than they are separated, decreasing the ionization of the 
atmosphere. 

An electron can be separated from its atom only by the application of greater 
energy than that holding the electron. Since the energy of the electron depends 
primarily upon the kind of an atom of which it is a part, and its position relative to 
the nucleus of that atom, different kinds of radiation may cause ionization of 
different substances. 

In the outermost regions of the atmosphere the density is so low that oxygen 
exists largely as separate atoms, rather than combining as molecules as it does 
nearer the surface of the earth. At great heights the energy level is low and 
ionization from solar radiation is intense. This is known as the F layer. Above this 
level the ionization decreases because of the lack of atoms to be ionized. Below this 
level it decreases because the ionizing agent of appropriate energy has already been 
absorbed. During daylight, two levels of maximum F ionization can be detected, the 
F, layer at about 125 statute miles above the surface of the earth, and the F, layer 
at about 90 statute miles. At night, these combine to form a single F layer. 

At a height of about 60 statute miles the solar radiation not absorbed by the F 
layer encounters, for the first time, large numbers of oxygen molecules. A new 
maximum ionization occurs, known as the E layer. The height of this layer is quite 


962 RADIO WAVES 


constant, in contrast with the fluctuating F layer. At night the E layer becomes 
weaker by two orders of magnitude. 

Below the E layer a weak D layer forms at a height of about 45 statute miles, 
where the incoming radiation encounters ozone (O;) for the first time. The D layer 
is the principal source of absorption of HF waves, and of reflection of LF and VLF 
waves during daylight. 

4008. The ionosphere and radio waves.—When a radio wave encounters a 
particle having an electric charge, it causes that particle to vibrate. The vibrating 
particle absorbs electromagnetic energy from the radio wave and reradiates it. The 
net effect is a change of polarization and an alteration of the path of the wave. That 
portion of the wave in a more highly ionized region travels faster, causing the wave 
front to tilt and the wave to be directed toward a region of less intense ionization. 

Refer to figure 4008a, in which a single layer of the ionosphere is considered. 
Ray 1 enters the ionosphere at such an angle that its path is altered, but it passes 
on through and proceeds outward into space. As the angle with the horizontal 
decreases, a critical value is reached where the ray (2) is bent or reflected back 
toward the earth. As the angle is still further decreased, as at 3, the return to earth 
occurs at a greater distance from the transmitter. 

A wave reaching a receiver by way of the ionosphere is called a skywave. This 
expression is also appropriately applied to a wave reflected from an airmass bound- 
ary. In common usage, however, it is generally associated with the ionosphere. The 
wave which travels along the surface of the earth is called a groundwave. At angles 
greater than the critical angle, no skywave signal is received. Therefore, there is a 
minimum distance from the transmitter at which skywaves can be received. This is 
called the skip distance, shown in figure 4008a. If the groundwave extends out for 
less distance than the skip distance, a skip zone occurs, in which no signal is 
received. 

The critical radiation angle depends upon the intensity of ionization, and the 
frequency of the radio wave. As the frequency increases, the angle becomes smaller. 
At frequencies greater than about 30 MHz virtually all of the energy penetrates 
through or is absorbed by the ionosphere. Therefore, at any given receiver there is 
a maximum usable frequency if skywaves are to be utilized. The strongest signals 
are received at or slightly below this frequency. There is also a lower practical 
frequency beyond which signals are too weak to be of value. Within this band the 
optimum frequency can be selected to give best results. It cannot be too near the 
maximum usable frequency because this frequency fluctuates with changes of inten- 
sity within the ionosphere. During magnetic storms the ionosphere density de- 
creases. The maximum usable frequency decreases, and the lower usable frequency 
increases. The hand of usable frequencies is thus narrowed. Under extreme condi- 
tions it may be completely eliminated, isolating the receiver and causing a radio 
blackout. 

Skywave signals reaching a given receiver may arrive by any of several paths, 
as shown in figure 4008b. A signal which undergoes a single reflection is called a 
“one-hop” signal, one which undergoes two reflections with a ground reflection 
between is called a ‘“‘two-hop” signal, etc. A “multihop” signal undergoes several 
reflections. The layer at which the reflection occurs is usually indicated, also, as 
“one hop E,” “two hop F,” etc. 

Because of the different paths and phase changes occurring at each reflection, 
the various signals arriving at a receiver have different phase relationships. Since 
the density of the ionosphere is continually fluctuating, the strength and phase 
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Skip Distance 


Figure 4008a.—The effect of the ionosphere on radio waves. 


relationships of the various signals may undergo an almost continuous change. 
Thus, the various signals may reinforce each other at one moment and cancel each 
other at the next, resulting in fluctuations of the strength of the total signal 
received. This is called fading. This phenomenon may also be caused by interaction 
of components within a single reflected wave, or changes in its strength due to 
changes in the reflecting surface. lonospheric changes are associated with fluctua- 
tions in the radiation received from the sun, since this is the principal cause of 
ionization. Signals from the F layer are particularly erratic because of the rapidly 
fluctuating conditions within the layer itself. 


Ff LAYER: 


Ficure 4008b.—Various paths by which a skywave signal might be received. 


The maximum distance at which a one-hop-E signal can be received is about 
1,400 miles. At this distance the signal leaves the transmitter in approximately a 
horizontal direction. A one-hop-F signal can be received out to about 2,500 miles. At 
low frequencies groundwaves extend out for great distances. 
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A skywave may undergo a change of polarization during reflection from the 
ionosphere, accompanied by an alteration in the direction of travel of the wave. 
This is called polarization error. Near sunrise and sunset, when rapid changes are 
occurring in the ionosphere, reception may become erratic and polarization error a 
maximum. This is called night effect. 

4009. Diffraction.—When a radio wave encounters an obstacle, its energy is 
reflected or absorbed, causing a shadow beyond the obstacle. However, some energy 
does enter the shadow area because of diffraction. This is explained by Huygens’ 
principle, which states that every point on the surface of a wave front is a source of 
radiation, transmitting energy in all directions ahead of the wave. No noticeable 
effect of this principle is observed until the wave front encounters an obstacle, 
which intercepts a portion of the wave. From the edge of the obstacle, energy is 
radiated into the shadow area, and also outside of the area. The latter interacts 
with energy from other parts of the wave front, producing alternate bands in which 
the secondary radiation reinforces or tends to cancel the energy of the primary 
radiation. Thus, the practical effect of an obstacle is a greatly reduced signal 
strength in the shadow area, and a disturbed pattern for a short distance outside 
the shadow area. This is illustrated in figure 4009. 
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Figure 4009.—Diffraction. 


The amount of diffraction is inversely proportional to the frequency, being 
greatest at very low frequencies. 

4010. Absorption and scattering.—The amplitude of a radio wave expanding - 
outward through space varies inversely with distance. That is, it gets weaker with 
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increased distance. The decrease of strength with distance is called attenuation. 
Under certain conditions the attenuation is greater than in free space. 

A wave traveling along the surface of the earth loses a certain amount of 
energy to the earth. The wave is diffracted downward and absorbed by the earth. 
As a result of this absorption, the remainder of the wave front tilts downward, 
resulting in further absorption by the earth. Attenuation is greater over a surface 
that is a poor conductor. Relatively little absorption occurs over seawater, which is 
an excellent conductor at low frequencies, and low frequency groundwaves travel 
great distances over water. 

A skywave suffers an attenuation loss in its encounter with the ionosphere. The 
amount depends upon the height and composition of the ionosphere, as well as the 
frequency of the radio wave. Maximum ionospheric absorption occurs at about 1,400 
kHz. 

In general, atmospheric absorption increases with frequency, being a problem 
only at SHF and EHF. At these frequencies, attenuation is further increased by 
scattering due to reflection by oxygen, water vapor, water droplets, and rain in the 
atmosphere. 

4011. Noise.—Unwanted signals in a receiver are called interference. The in- 
tentional production of such interference to obstruct communication is called jam- 
ming. Unintentional interference is called noise. 

Noise may originate within the receiver. Hum is usually the result of induction 
from neighboring circuits carrying alternating current. Microphonic noise is the 
result of vibration of elements in an electron tube. Irregular crackling or sizzling 
sounds may be caused by poor contacts or faulty components within the receiver. 
Electron movement in normal components causes some noise. This source sets the 
ultimate limit of sensitivity (art. 4018) that can be achieved in a receiver. It is the 
same at any frequency. 

Noise originating outside the receiver may be either man-made or natural. 
Man-made noises originate in electrical appliances, motor and generator brushes, 
ignition systems, and other sources of sparks which transmit electromagnetic sig- 
nals that are picked up by the receiving antenna. 

Natural noise is caused principally by discharge of static electricity in the 
atmosphere. This is called atmospheric noise, atmospherics, or static. An extreme 
example is a thunderstorm. An exposed surface may acquire a considerable charge 
of static electricity. This may be caused by friction of water or solid particles blown 
against or along such a surface. It may also be caused by splitting of a water 
droplet which strikes the surface, one part of the droplet requiring a positive charge 
and the other a negative charge. These charges may be transferred to the surface. 
The charge tends to gather at points and ridges of the conducting surface, and when 
it accumulates to a sufficient extent to overcome the insulating properties of the 
atmosphere, it discharges into the atmosphere. Under suitable conditions this be- 
comes visible and is known as St. Elmo’s fire, which is sometimes seen at masth- 
eads, the ends of yardarms, etc. 

Atmospheric noise occurs to some extent at all frequencies, but decreases with 
higher frequencies. Above about 30 MHz it is not generally a problem. 

Since most of the noise occurs at low frequencies, it travels great distances and 
the accumulation may reach troublesome proportions at these frequencies, particu- 
larly during the summer in mountainous regions. 

4012. Antenna characteristics.—Antenna design and orientation have a marked 
effect upon radio wave propagation. For a single-wire antenna, strongest signals are 
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transmitted along the perpendicular to the wire, and virtually no signal in the 
direction of the wire. For a vertical antenna, the signal strength is the same in all 
horizontal directions. Unless the polarization undergoes a change during transit, 
the strongest signal received from a vertical transmitting antenna occurs when the 
receiving antenna is also vertical. 

For lower frequencies the radiation of a radio signal takes place by interaction 
between the antenna and the ground. For a vertical antenna, efficiency increases 
with greater length of the antenna. For a horizontal antenna, efficiency increases 
with greater distance between antenna and ground. Near-maximum efficiency is 
attained when this distance is one-half wavelength. This is the reason for elevating 
low frequency antennas to great heights. However, at the lowest frequencies, the 
required height becomes prohibitively great. At 10 kHz it would be about 8 nautical 
miles for a half-wavelength antenna. Therefore, lower frequency antennas are 
inherently inefficient. This is partly offset by the greater range of a low frequency 
signal of the same transmitted power as one of higher frequency. 

At higher frequencies, the ground is not used, both conducting portions being 
included in a dipole antenna. Not only can such an antenna be made efficient, but 
it can also be made sharply directive, thus greatly increasing the strength of the 
signal transmitted in a desired direction. 

The power received is inversely proportional to the square of the distance from 
the transmitter, assuming there is no attenuation due to absorption or scattering. 

4013. Range.—The range at which a usable signal is received depends upon the 
power transmitted, the sensitivity of the receiver, frequency, route of travel, noise 
level, and perhaps other factors. For the same transmitted power, both the ground- 
wave and skywave ranges are greatest at the lowest frequencies, but this is some- 
what offset by the lesser efficiency of antennas for these frequencies. At higher 
frequencies, only direct waves are useful, and the effective range is greatly reduced. 
Attenuation, skip distance, ground reflection, wave interference, condition of the 
ionosphere, atmospheric noise level, and antenna design all affect the distance at 
which useful signals can be received. 

4014. Frequency and radio wave propagation.—Frequency is an important 
consideration in radio wave propagation, as indicated previously. The following 
summary indicates the principal effects associated with the various frequency 
bands, starting with the lowest and progressing to the highest usable radio frequen- 
cy. 

Very low frequency (VLF, 10 to 30 kHz). The VLF signals propagate between the 
bounds of the ionosphere and the earth and are thus guided around the curvature 
of the earth to great distances with low attenuation and excellent stability. Diffrac- 
tion is maximum. Because of the long wavelength, large antennas are needed, and 
even these are inefficient, permitting radiation of relatively small amounts of 
power. Magnetic storms have little effect upon transmission because of the efficien- 
cy of the “earth-ionosphere waveguide.” During such storms, VLF signals may 
constitute the only source of radio communication over great distances. However, 
interference from atmospheric noise may be troublesome. Signals may be received 
from below the surface of the sea. The characteristics of VLF propagation are 
discussed in more detail in the coverage of the Omega Navigation System in 
chapter XLIII. 

Low frequency (LF, 30 to 300 kHz). As frequency is increased to the LF band, 
diffraction decreases, there is greater attenuation with distance, and range for a- 
given power output falls off rapidly. However, this is partly offset by more efficient 
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transmitting antennas, which can be of a size practical for use aboard ship. LF 
signals are most stable within groundwave distance of the transmitter. A wider 
bandwidth permits pulsed signals at 100 kHz. This allows separation of the stable 
groundwave pulse from the variable skywave pulse up to 1,500 km, and up to 2,000 
km for overwater paths. The frequency for Loran-C (ch. XLIII) is in the LF band. 
This band is also useful for radio direction finding (ch. XLD, and time dissemination 
(ch. XVID. 

Medium frequency (MF, 300 to 8,000 kHz). Groundwaves provide dependable 
service, but the range for a given power is reduced greatly, varying from about 400 
miles at the lower portion of the band to about 15 miles at the upper end for a 
transmitted signal of 1 kilowatt. These values are influenced, however, by the 
power of the transmitter, the directivity and efficiency of the antenna, and the 
nature of the terrain over which signals travel. Elevating the antenna to obtain 
direct waves may improve the transmission. At the lower frequencies of the band, 
skywaves are available both day and night. As the frequency is increased, iono- 
spheric absorption increases to a maximum at about 1,400 kHz. At higher frequen- 
cies the absorption decreases, permitting increased use of skywaves. Since the 
ionosphere changes with the hour, season, and sunspot cycle, the reliability of 
skywave signals is variable. By careful selection of frequency, one can obtain ranges 
of as much as 8,000 miles with 1 kilowatt of transmitted power, using multihop 
signals. However, the frequency selection is critical. If it is too high, the signals 
penetrate the ionosphere and are lost in space. If it is too low, signals are too weak. 
In general, skywave reception is equally good by day or night, but lower frequencies 
are needed at night. The standard broadcast band for commercial stations (535 to 
1,605 kHz) is in the MF band. 

High frequency (HF, 3 to 30 MHz). As with higher medium frequencies, the 
groundwave range of HF signals is limited to a few miles, but the elevation of the 
antenna may increase the direct-wave distance of transmission. Also, the height of 
the antenna does have an important effect upon skywave transmission because the 
antenna has an “image” within the conducting earth. The distance between anten- 
na and image is related to the height of the antenna, and this distance is as critical 
as the distance between elements of an antenna system. Maximum usable frequen- 
cies (art. 4008) fall generally within the HF band. By day this may be 10 to 30 MHz, 
but during the night it may drop to 8 to 10 MHz. The HF band is widely used for 
ship-to-ship and ship-to-shore communication. 

Very high frequency (VHF, 30 to 300 MHz). Communication is limited primarily 
to the direct wave, or the direct wave plus a ground-reflected wave. Elevating the 
antenna to increase the distance at which direct waves can be used results in 
increased distance of reception, even though some wave interference between direct 
and ground-reflected waves is present. Diffraction is much less than with lower 
frequencies, but is most evident when signals cross sharp mountain peaks or ridges. 
Under suitable conditions, reflections from the ionosphere are sufficiently strong to 
be useful, but generally they are unavailable. There is relatively little interference 
from atmospheric noise in this band. Reasonably efficient directional antennas are 
possible with VHF. The VHF band is much used for communication. . 

Ultra high frequency (UHF, 300 to 3,000 MHz). Skywaves are not used in the 
UHF band because the ionosphere is not sufficiently dense to reflect the waves, 
which pass through it into space. Groundwaves and ground-reflected waves are 
used, although there is some wave interference. Diffraction is negligible, but the 
radio horizon extends about 15 percent beyond the visible horizon, due principally 
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to refraction. Reception of UHF signals is virtually free from fading and interfer- 
ence by atmospheric noise. Sharply directive antennas can be produced for trans- 
mission in this band, which is widely used for ship-to-ship and ship-to-shore commu- 
nication. ‘ 

Super high frequency (SHF, 3,000 to 30,000 MHz). In the SHF band, also known 
as the microwave or as the centimeter wave band, there are no skywaves, transmis- 
sion being entirely by direct and ground-reflected waves. Diffraction and interfer- 
ence by atmospheric noise are virtually nonexistent. Highly efficient, sharply direc- 
tive antennas can be produced. Thus, transmission in this band is similar to that of 
UHF, but with the effects of shorter waves being greater. Reflection by clouds, 
water droplets, dust particles, etc., increases, causing greater scattering, increased 
wave interference, and fading. The SHF band is used for marine navigational radar. 

Extremely high frequency (EHF, 30,000 to 300,000 MHz). The effects of shorter 
waves are more pronounced in the EHF band, transmission being free from wave 
interference, diffraction, fading, and interference by atmospheric noise. Only direct 
and ground-reflected waves are available. Scattering and absorption in the atmo- 
sphere are pronounced and may produce an upper limit to the frequency useful in 
radio communication. 

4015. Regulation of frequency use.—While the characteristics of various fre- 
quencies are important to the selection of the most suitable one for any given 
purpose, these are not the only considerations. Confusion and extensive interference 
would result if every user had complete freedom of selection. Some form of regula- 
tion is needed. The allocation of various frequency bands to particular uses is a 
matter of international agreement. Within the United States, the Federal Commu- 
nications Commission has responsibility for authorizing use of particular frequen- 
cies. In some cases a given frequency is allocated to several widely separated 
transmitters, but only under conditions which minimize interference, as during 
daylight hours. Interference between stations is further reduced by the use of 
channels, each of a narrow band of frequencies. That is, assigned frequencies are 
separated by an arbitrary band of frequencies that are not authorized for use. In 
the case of radio aids to navigation, ship communications, etc., bands of several 
channels are allocated, permitting selection of band and channel by the user. 

4016. Kinds of radio transmission.—A series of waves transmitted at constant 
frequency and amplitude is called a continuous wave (CW). This cannot be heard 
except at the very lowest radio frequencies, when it may produce, in a receiver, an 
audible hum of high pitch. 

Although a continuous wave may be used directly, as in radio direction finding 
(art. 4101) or Decca (art. 4344), it is more commonly modified in some manner. This 
is called modulation. When this occurs, the continuous wave serves as a carrier 
wave for information. Any of several types of modulation may be used. 

In amplitude modulation (AM) the amplitude of the carrier wave is altered in 
accordance with the amplitude of a modulating wave, usually of audio frequency, as 
shown in figure 4016a. In the receiver the signal is demodulated by removing the 
modulating wave and converting it back to its original form. This form of modula- 
tion is widely used in voice radio, as in the standard broadcast band of commercial 
broadcasting. 

If the frequency instead of the amplitude is altered in accordance with the 
amplitude of the impressed signal, as shown in figure 4016a, frequency modulation 
(FM) occurs. This is used for FM broadcasts and the sound portion of television - 
broadcasts. 
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Ficure 4016a.—Amplitude modulation (upper figure) and frequency modulation (lower figure) by the 
same modulating wave. 


Pulse modulation (PM) is somewhat different, there being no impressed modu- 
lating wave. In this form of transmission, very short bursts of carrier wave are 
transmitted, separated by relatively long periods of “silence,” during which there is 
no transmission. This type of transmission, illustrated in figure 4016b, is used in 
some common radio navigational aids, including radar (art. 4201) and Loran-C (art. 
4329): 
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Figure 4016b.—Pulse modulation. 


4017. Transmitters.—A radio transmitter consists essentially of (1) a power 
supply to furnish direct current, (2) an oscillator to convert direct current into 
radio-frequency oscillations (the carrier wave), (3) a device to control the generated 
signal, (4) an amplifier to increase the output of the oscillator. For some transmit- 
ters a microphone is needed with a modulator and final amplifier to modulate the 
carrier wave. In addition, an antenna and ground (for lower frequencies) are needed 
to produce electromagnetic radiation. These components are illustrated diagram- 


matically in figure 4017. 
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Figure 4017.—Components of a radio transmitter, 


4018. Receivers.—When a radio wave passes a conductor, a current is induced 
in that conductor. A radio receiver is a device which accepts the power thus 
generated in an antenna, and transforms it into usable form. It should be able to 
select signals of a single frequency (actually a narrow band of frequencies) from 
among the many which may reach the receiving antenna. If necessary, the receiver 
should be able to demodulate the signal, and it should always provide adequate 
amplification. The output of a receiver may be presented audibly by earphones or 
loudspeaker; or visually on a dial, cathode-ray tube (art. 4019), counter, or other 
display. Thus, the useful reception of radio signals requires three components: (1) an 
antenna, (2) a receiver, and (3) a display unit. 

Radio receivers differ mainly in (1) frequency range, the range of frequencies to 
which they can be tuned; (2) selectivity, the ability to confine reception to signals of 
the desired frequency and avoid others of nearly the same frequency; (3) sensitivity, 
the ability to amplify a weak signal to usable strength against a background of 
noise; (4) stability, the ability to resist drift from conditions or values to which set; 
and (5) fidelity, the completeness with which the essential characteristics of the 
original signal are reproduced. Receivers may have additional features such as an 
automatic frequency control, automatic noise limiter, etc. 

Some of these characteristics are interrelated. For instance, if a receiver lacks 
selectivity, signals of a frequency differing slightly from those to which the receiver 
is tuned may be received. This condition is called spillover, and the resulting 
interference is called crosstalk. If the selectivity is increased sufficiently to prevent 
spillover, it may not permit receipt of a great enough band of frequencies to obtain 
the full range of those of the desired signal. Thus, the fidelity may be reduced. 

A transponder is a transmitter-receiver capable of accepting the challenge of 
an interrogator and automatically transmitting an appropriate reply. 

4019. The cathode-ray tube is a useful device for presenting certain types of 
information. This tube, with its associated controls, is often called an oscilloscope, 
or scope for short. In television receivers it is usually called the picture tube. 

The essential components of a cathode-ray tube are shown in figure 4019. At 
the left is a cathode which serves as a source of electrons. In this usage it is called 
an electron gun. The electrons are collected and focused into a beam by a focusing 
anode, and then speeded up by an accelerating anode. If there were no other 
controls, the beam of electrons would travel the remainder of the length of the tube 
and strike the enlarged, curved surface of the tube face at its center, approximate- 
ly. The inside of the face is coated with a material known as a phosphor (such as 
zinc sulphide or calcium sulphide) which become luminous (phosphorescent) where 
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a beam of electrons impinges upon it. If the beam is sharply focused, a dot of light 
appears at the point of impact. 
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Ficure 4019.—A cathode-ray tube. 


By means of the vertical deflection plates, the beam is bent upward or down- 
ward. This is accomplished by impressing electric charges on these plates. The 
beam, being negatively charged, is repelled by the negative plate and attracted by 
the positive plate. If an alternating current is used, the strength and polarity of the 
electric charge on each plate changes continually, causing the beam to be deflected 
alternately up and down. This results in vertical motion of the spot of light on the 
face of the tube. If the motion is sufficiently rapid, a vertical line appears on the 
face of the tube. This is true not only because of the persistency of vision within the 
eye, but also because the tube face does not immediately fade when the stream of 
electrons is moved to another point. This visible line is called a trace, and the 
motion of the dot in producing it, a sweep. A horizontal trace can be made by 
means of the horizontal deflection plates which operate in a manner similar to 
that of the vertical deflection plates. 

If both sets of plates are energized at the same time, the spot of light can be 
moved to various places on the face of the tube. If two alternating currents are 
properly synchronized, the spot can be made to trace repeatedly some pattern, such 
as a sine wave. It is generally desirable to have one trace repeated in accordance 
with a prearranged plan, having the deflection such that motion in one direction 
across the face of the tube is relatively slow, and that in the opposite direction is 
very fast, so that the return of the spot to a starting point is almost instantaneous. 
Such a return is called flyback, and the faint trace that may be visible is called a 
retrace. The position of the spot along the trace can be used as a measurement of 
elapsed time since the spot was at some reference point. This is usually accom- 
plished by having a received signal impress a momentary charge on the other set of 
deflecting plates, causing a deflection of the trace as the spot is momentarily moved 
to one side of the line; or by causing the received signal to intensify the spot, 
causing it to glow brighter. 

By suitable controls, the trace can be divided into two or more parts, made to 
rotate, or take any of a great variety of motions and shapes. 

In a dark trace tube the spot appears dark on a lighter background. 

The cathode-ray tube has many applications in electronic navigational equip- 


ment. 


CHAPTER XLI 


RADIO DIRECTION FINDING 


4101. Introduction.—Medium frequency radio direction finders on board ships 
enable measurement of the bearings of radio transmissions from other ships, air- 
craft, shore stations, marine radiobeacons, aeronautical radiobeacons, and the coast- 
al stations of the radio communications network. 

Depending upon the design of the, radio direction finder (RDF), the bearings of 
the radio transmissions are measured as relative bearings or as both relative and 
true bearings. In one design, the true bearing dial is manually set with respect to 
the relative bearing dial in accordance with the ship’s heading. In another design, 
the true bearing dial is rotated electrically in accordance with a course input from 
the gyrocompass. In some of the earlier designs, the RDF is mounted over the ship’s 
compass so as to permit the bearings to be read directly from the compass card. 

Whatever means is used to read the bearings, corrections for errors of radio 
bearings (art. 4104) must be applied. In some designs two distinct means are 
employed for automatic error compensation. An electrical compensating system 
provides for automatic compensation of errors which are symmetrically distributed, 
fore-and-aft or athwartship. A mechanical compensating system provides for auto- 
matic compensation of residual errors up to a limiting value. The mechanical 
compensator may consist of a stationary cam which is cut for each calibration (art. 
4107), a movable roller, and associated linkage for causing the goniometer (art. 
4103) pointer to lead or lag the actual goniometer setting. 

When plotting radio bearings on a Mercator chart, conversion angle (art. 403, 
vol. II) must be applied to convert the radio bearing (great-circle direction) to the 
equivalent rhumb line bearing. Conversion angles are given in table 1. 

4102. Radiobeacons established to be of primary usefulness to mariners are 
known as marine radiobeacons; beacons established to be of primary usefulness to 
airmen are known as aeronautical radiobeacons; other beacons established for both 
classes of user are sometimes known as aeromarine radiobeacons. The most 
common type of marine radiobeacon transmits radio waves of approximately uni- 
form strength in all directions. These omnidirectional beacons are known as circu- 
lar radiobeacons. 

Directional radiobeacons transmit radio waves within a narrow sector. Com- 
pared with the circular radiobeacon, the transmissions from the directional radio- 
beacons have relatively short range. The rotating loop radiobeacon is discussed in 
article 4111. 

Most United States and Canadian radiobeacons are grouped together on the 
same operating frequency and are assigned a specific sequence of transmission 
within this group. This reduces station interference and undesirable retuning. Nor- 
mally the stations operate in groups of six, each station in a group of sequenced 
radiobeacons using the same frequency and transmitting for 1 minute in its proper 
sequence. A few radiobeacons transmit for 1 minute with 2 minutes of silence, and ~ 
some radiobeacons transmit continuously without interruption. 
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Except for calibration radiobeacons, radiobeacons operate during all periods 
either sequenced or continuously, regardless of weather conditions. 

Simple combinations of dots and dashes are used for station identification. 
These combinations and the duration of the dots, dashes, and spaces are chosen for 
ease of identification. Where applicable, the Morse equivalent character or charac- 
ters are shown in conjunction with the station characteristic. All radiobeacons 
superimpose the characteristic on a carrier which is on continuously during the 
period of transmission. This extends the usefulness of marine radiobeacons to an 
airborne or marine user of an automatic radio direction finder (ADF). Users of the 
“aural null’ type radio direction finder will notice no change in quality of service. 
A 10-second dash is incorporated in the characteristic signal to enable the user of 
the aural null type of radio direction finder to refine his bearing. 

Aeronautical radiobeacons are sometimes used by marine navigators for deter- 
mining lines of position when marine radiobeacons are not available. Since it is not 
possible to predict the extent to which land effect (art. 4104) may render mariners’ 
observations of the bearings of these beacons unreliable, their inclusion in Pubs. 
Nos. 117A and 117B, Radio Navigational Aids, does not imply that the beacons 
have been found reliable for marine use. Those aeronautical radiobeacons included 
in Pubs. Nos. 117A and 117B may be useful to the marine navigator who recognizes 
their limitations. These aeronautical aids become less trustworthy, so far as marine 
applications are concerned, as they are situated farther inland or when high land 
intervenes between them and the coast. 

Pubs. Nos. 117A and 117B, Radio Navigational Aids, include in the details of 
many radiobeacons located at or near light stations a statement of the distance and 
bearing of the radiobeacon transmitting antenna from the light tower. Use should 
be made of this information when calibrating (art. 4107) the radio direction finder. 

4103. Direction measurement at the receiving site is accomplished by means of 
a directional antenna. Nearly all antennas have some directional properties, but in 
the usual antenna used for radio communication, these properties are not sufficient- 
ly critical for navigational use. 

A widely used directional antenna is in the form of a loop. Suppose a transmit- 
ted radio signal encounters such a loop oriented in the direction of travel of the 
radio signal, as shown in figure 4103a. If the diameter of the loop is half the 
wavelength, the crest of one wave arrives at one side of the loop at the same time 
that the trough arrives at the opposite side, as shown. Thus, the currents induced in 
the two sides reinforce each other, causing maximum output from the antenna. A 
short time later, as the wave continues to move past the antenna, the crest reaches 
the other side of the loop, and a new trough reaches the approach side. A maximum 
current now flows in the opposite direction. Therefore, with the antenna in this 
orientation, an alternating current flows in the loop. If the loop diameter is less 
than half a wavelength, the current is less than maximum. 


Figure 4103a.—Principle of the loop antenna. 
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If the antenna is rotated 90°, the alternate crests and troughs arrive at both 
sides at the same time, tending to cause currents to flow in opposite directions 
around the loop. Under these conditions the two parts cancel each other, resulting 
in zero antenna output. This condition is called a null. 

As the antenna is rotated, its output varies with the angle relative to the 
direction of motion of the radio signal. This condition is illustrated in figure 4103b. 
The length of a line from the center to the outer edge of the shaded area represents 
the strength of the antenna output at that bearing, relative to the direction of 
motion of the radio wave. Thus, when it is in line, with either side of the loop 
toward the approaching signal, the output is maximum, and at 90° it is minimum. 
Since the change with bearing is most rapid near the region of minimum signal, 
this is the portion used for determination of direction. 

Because of the characteristics of the simple loop antenna, a 180° ambiguity 
exists. That is, a signal approaching from either of two directions 180° apart would 
cause the same antenna output. This ambiguity can be resolved by using a vertical 
sense antenna in connection with a loop. The output from this wire, if the direction 
of motion of the signal is horizontal, is the same in all directions. Therefore, the 
polar diagram of its output is a circle, with the same polarity in all directions. If 
this output is exactly equal to the maximum of the loop, it will cancel the output 
from one side and double that from the other, since the polarity in the two sides is 
opposite. The resulting diagram of antenna output is shown in figure 4103c. With 
this arrangement, a single minimum exists, permitting the determination of which 
of the two reciprocal bearings is correct, thereby removing the ambiguity. The loop 
antenna is then used for making the reading. This is the type of equipment 
commonly used with a radio direction finder. 
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FicureE 4103b.—Polar diagram Ficure 4103c.—Polar diagram of output of loop antenna 
of output of loop antenna. with vertical sense antenna. 
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Two variations of the loop antenna are also used in radio direction finders. In 
one of these, the crossed loop type, two loops are rigidly mounted in such manner 
that one is rotated 90° with respect to the other. The relative output of the two 
antennas is related to the orientation of each with respect to the direction of travel 
of the radio wave, and is measured by a device called a goniometer. This is the type 
antenna used in an automatic direction finder. In the other variation, the rotating 
loop type, a single loop is kept in rapid rotation by means of a motor. The antenna 
output is shown on a cathode-ray tube, and the resulting display shows the direc- 
tion of the signal. 

4104. Errors of radio bearings.—Bearings obtained by radio direction finder 
are subject to certain errors, as follows: 

Quadrantal error. When radio waves arrive at a receiver, they are influenced 
somewhat by the environment. An erroneous radio direction finder bearing results 
from currents induced in the direction finder antenna by re-radiation from the 
structural features of the vessel’s superstructure and distortion of the radio wave 
front due to the physical dimensions and contour of the vessel’s hull. This quadran- 
tal error is a function of the relative bearing, normally being maximum for bearings 
broad on the bow and broad on the quarter. Its value for various bearings can be 
determined, and a calibration table made (art. 4107). 

Coastal refraction. As indicated in article 4006, a radio wave crossing a coast- 
line at an oblique angle undergoes a change of direction due to difference in 
conducting and reflecting properties of land and water. This is sometimes called 
land effect. It is avoided by not using, or regarding as of doubtful accuracy, 
bearings of waves which cross a shoreline at an oblique angle. Bearings within 15° 
to 20° of being parallel to a shoreline should not be trusted. If the transmitter is 
near the coast, negligible error is introduced because of the short distance the 
wavés travel before undergoing refraction. 

Polarization error. As indicated in article 4008, the direction of travel of radio 
waves may undergo an alteration during the confused period near sunrise or 
sunset, when great changes are taking place in the ionosphere. This error is 
sometimes called night effect. The error can be minimized by averaging several 
readings, but any radio bearings taken during this period should be considered of 
doubtful accuracy. 

Reciprocal bearings. Unless a radio direction finder has a vertical sensing wire 
(art. 4103), there is a possible 180° ambiguity in the reading. If such an error is 
discovered, one should take the reciprocal of the uncorrected reading, and apply the 
correction for the new direction. If there is doubt as to which of the two possible 
directions is the correct one, one should wait long enough for the bearing to change 
appreciably and take another reading. The transmitter should draw aft between 
readings. If the reciprocal is used, the station will appear to have drawn forward. A 
reciprocal bearing furnished by a direction finder station should not be used be- 
cause the quadrantal error is not known, either on the given bearing or its recipro- 
cal. 

4105. Accuracy of radio bearings.—In general, good radio bearings should not 
be in error by more than 2° for distances under 150 nautical miles. However, 
conditions vary considerably, and skill is an important factor. By observing the 
technical instructions for the equipment and practicing frequently when results can 
be checked by visual observation or by other means, one can develop skill and learn 
to what extent radio bearings can be relied upon under various conditions. 


976 RADIO DIRECTION FINDING 


Other factors affecting accuracy include the errors discussed in article 4104, 
range, the condition of the equipment, and the accuracy of the calibration (art. 
4107). Errors in bearing can result if the selectivity (art. 4106) of a radio direction 
finder is poor. 

4106. Factors affecting maximum range.—The service range of a radiobeacon 
is determined by the strength of the radiated signal. Field strength requirements 
for a given service range vary with latitude, being higher in the southern latitudes. 
The actual useful range may vary considerably from the service range with differ- 
ent types of radio direction finders and during varying atmospheric conditions. 

Sensitivity is a measure of the ability of a receiver to detect transmissions. All 
direction finder receivers do not have the same sensitivity. Some will detect a radio- 
beacon signal at its rated range whereas others will not detect the same signal until 
such time that the distance to the beacon has decreased. For example, radio 
direction finders having a sensitivity of 75 microvolts per meter on the radiobeacon 
band should be capable of detecting a signal whose intensity is 75 microvolts per 
meter or more. A radio direction finder having a sensitivity of 120 microvolts per 
meter will be unable to receive a radiobeacon signal rated at 75 microvolts per 
meter at 100 miles until 56 miles from the radiobeacon. At 56 miles the signal 
strength of the transmitted signal is 120 microvolts per meter, which is equal to the 
sensitivity of the receiver. It follows that the sensitivity of a radio direction finder 
determines the degree to which the full range capability of the radiobeacon system 
can be utilized. 

Selectivity is a measure of the ability of a receiver to choose one frequency and 
reject all others. The selectivity varies with the type of receiver and its condition. 
The transmitted radiobeacon signal is comprised of a band of frequencies, 286.000 
kHz to 287.020 kHz for example. A radio direction finder capable of accepting only 
this narrow band of frequencies would be ideal. If a radio direction finder accepts a 
wide band of frequencies (280 to 292 kHz) when tuned to 286 kHz, it will admit 
more noise and signals than desired. This additional interference may reduce the 
usefulness of the desired signal, and effectively decrease the maximum range of 
reception of the radiobeacon. 

4107. Calibration.—The reliability of a radio direction finder is largely depend- 
ent upon the accuracy of the calibration. A good initial calibration not only in- 
creases the reliability of operation but also reduces the need for repeated recalibra- 
tion, provided the superstructure and rigging of the vessel are not altered. Correct 
radio direction finder calibration compensates for errors caused by induced currents 
and vessel configuration, i.e., quadrantal error (art. 4104), also known as direction 
finder error. 

Proper preliminary procedures for this calibration include accurately aligning 
the vessel’s pelorus fore-and-aft, providing adequate communications between the 
pelorus and the radio direction finder, developing a plan for coordination between 
the calibrator and conning officer, determining that the equipment is in proper 
operating condition, and determining that metal booms, cranes, antennas, etc., are 
in their normal positions. 

While the vessel is enroute to the calibration site, it may be advisable to take a 
number of bearings on the station to be used for calibration and on one or more 
other charted stations whose relative bearings can be ascertained. If it is feasible to 
take an RDF bearing on such a station when it bears broad on the bow or quarter, 
the magnitude of the quadrantal error can be estimated. Then the electrical error - 
compensator, if installed, should be set to correct the error. It is also desirable to 
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take RDF bearings while the vessel is enroute to the calibration site on a station at 
135°, 225°, and 315° from the vessel’s heading. These additional readings serve to 
check the setting of the electrical error compensator and to indicate whether 
additional adjustment of the compensator is required. Generally, if the magnitudes 
of the bearing errors on 185°, 225°, and 315° are less than the initial error used to 
adjust the compensator, the setting should be left unaltered. 

The source of the radio signals used in calibration may be a radiobeacon 
operating on schedule or on request. 

Sequenced radiobeacons cannot broadcast at any time other than on their 
assigned operating minute for the purpose of enabling vessels to calibrate their 
radio direction finders without causing interference. Special radio direction finder 
calibration transmitters of short range are operated at certain localities to provide 
calibration service during specified periods or on request. These stations with infor- 
mation as to position, frequency, characteristic, times of service, requests for use, 
etc., are listed in Pubs. Nos. 117A and 117B, Radio Navigational Aids and the Light 
List. 

The position given for the antenna is the point from which the radiobeacon 
signal is emitted. 

The calibration must be made on approximately the same frequency or frequen- 
cies as will be used to take RDF bearings because the direction finder error for 
several frequencies is not likely to be the same. It is believed that one calibration 
curve or table is satisfactory for the normal radiobeacon frequency (285 to 325 kHz); 
but the instructions issued by the manufacturer of the particular radio direction 
finder to be calibrated should be studied in this respect. 

The usual method of calibration is to obtain a series of simultaneous radio and 
visual bearings on a transmitter. This can be done while a vessel swings at anchor 
or more quickly by steaming in a circle at the greatest distance compatible with 
clear visual observation of the transmitter, preferably over 1 mile. The simultane- 
ous bearings should be observed and recorded at least every 10°, preferably every a: 

The difference between a radio bearing and a simultaneously observed visual 
bearing, using the same reference, is the direction finder error. The error is nega- 
tive if the visual bearing is greater than the radio bearing; the correction is 
positive. 

The quadrantal error being maximum, generally, when the station is broad on 
the bow or quarter, setting of the electrical error compensator for a correction equal 
to the error measured when the visual bearing is 45° or 315° should provide marked 
reduction in errors corresponding to visual bearings of 45°, 135°, 225°, and 315’. If 
the vessel is swung again and another set of visual and RDF bearings are observed, 
the errors computed from this swing should comprise primarily the residual non- 
symmetrical error components. This residual error can be corrected by cutting a 
cam for the mechanical error compensator. 

The radio direction finder should be recalibrated after any changes have been 
made in the set or its surroundings, whenever there is reason to believe that the 
previous calibration has become inaccurate, and also at periodic intervals. 

While RDF bearings are being taken, other radio antennas on board must be in 
the same condition as they were when the calibration was made; movable parts of 
the ship’s superstructure such as booms, davits, wire rigging, etc., must be secured 
in the positions which they occupied when the radio direction finder was calibrated. 
Unusual cargoes such as large quantities of metals and extraordinary conditions of 


loading may cause errors. 
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4108. Using radio bearings.—A bearing obtained by radio, like one determined 
in any other manner, provides means for establishing a line of position. By heading 
in the direction from which the signal is coming, one can proceed toward, or home 
on, the transmitter. In thick weather one should avoid heading directly toward the 
source of radiation unless he has reliable information to indicate that he is some 
distance away. In 1934 the Nantucket Lightship was rammed and sunk by a ship 
homing on its radiobeacon. 

Due to the many factors which enter into the transmission and reception of 
radio signals, a mariner cannot practically estimate his distance from a radiobeacon 
either by the strength of the signals received or by the time at which the signals 
were first heard. Mariners should give this fact careful consideration in approach- 
ing radiobeacons. When approaching a lightship, large navigational buoy, ocean 
station vessel, or a station on a submarine site, on radio bearings, the risk of 
collision will be avoided by insuring that the radio bearing does not remain con- 
stant. 

It should be borne in mind that most lightships and large buoys are anchored 
to a very long scope of chain and, as a result, the radius of their Swinging circle is 
considerable. The charted position is the location of the anchor. Furthermore, under 
certain conditions of wind and current, they are subject to sudden and unexpected 
sheers which are certain to hazard a vessel attempting to pass close aboard. 

Radio waves, like light, travel along great circles. Except in high latitudes, 
visual bearings can usually be plotted as straight lines on a Mercator chart, without 
significant error. Radio bearings, however, are often observed at such positions with 
respect to the transmitter that the use of a rhumb line is not satisfactory. Under 
these conditions it is customary to apply the conversion angle (art. 408, vol. ID asa 
correction to the observed angle, to find the equivalent rhumb line. Such a correc- 
tion is not needed when a bearing is plotted on a gnomonic chart or one on which a 
straight line is a good approximation of a great circle. In other situations, a 
correction may be necessary. 

If the transmitter and receiver are on the same meridian, or are both on the 
equator, no correction is needed because rhumb lines and great circles coincide 
under these conditions. The size of the correction increases with degree of departure 
from these conditions, and with greater distance between transmitter and receiver. 

Conversion angles are given in table 1. This table is used to convert great circle 
to rhumb line directions. If the difference of longitude is not more than 4°5, and the 
mid-latitude between transmitter and receiver is not more than 85°, the first part of 
the table should be used. The simplifying assumptions used in the computation of 
this part of the table do not introduce a significant error within the limits of the 
table. 

The sign of the correction can be determined by referring to the rules given at 
the bottom of each page of table 1. These follow from the fact that the great circle 
is nearer the pole than the rhumb line. 

Before taking bearings on a commercial broadcasting station, the mariner 
should consider the following: 

1. The operating frequency of the commercial station may differ widely from 
the frequency for which the radio direction finder is calibrated. 

2. The broadcast antenna may be remote from the broadcast station. 

3. The commercial stations are usually inland. 
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Accordingly, the use of commercial broadcasting stations to obtain a direction 
finder bearing is not recommended. If these stations are used, the mariner should 
recognize the limitations of the bearings obtained. 

4109. Radio direction finder stations.—Radio direction finder stations are sta- 
tions equipped with special apparatus for determining the direction of radio signals 
transmitted by ships and other stations. The bearings taken by radio direction 
finder stations, and reported to ships, are corrected for all determinable errors 
except conversion angle. 

The bearings are normally accurate within 2° for distances under 150 nautical 
miles. The best bearings are obtained on ships whose signals are steady, clear, and 
strong. Therefore, the ship’s transmitter should be finely tuned to the frequency of 
the transmitter. If the ship’s transmitter is not finely tuned, it is difficult for the 
station to obtain bearings sufficiently accurate for navigational purposes. 

Where bearing lines intersect an intervening coastline at an oblique angle or 
cross high intervening land, errors of from 4° to 5° may be expected due to 
refraction (art. 4104). However, the sectors in which such refraction may be expect- 
ed is normally known by station personnel. Such sectors may not be included in the 
published sectors of calibration or are indicated as sectors of uncertain calibration. 

The sector of calibration of a radio direction finder station is the sector about 
the receiving coil of the station in which the deviation of radio bearings is known. 
In Pubs. Nos. 117A and 117B, Radio Navigational Aids, the sectors are measured 
clockwise from 0° (true north) to 360° and are given looking from the station to 
seaward. Bearings which do not lie within the sector of calibration of a station 
should be considered unreliable. 

4110. Distance finding stations.—At some locations a radio signal is synchro- 
nized with a sound signal which may be transmitted through either air or water or 
both. The travel time of the radio signal is negligible compared to that of the sound 
signal. Consequently, the difference in time between reception of the two signals is 
proportional to the distance from the station. The distance in nautical miles is 
equal to the number of seconds of time interval divided by 5% if the sound travels 
through air, or by 1% if through water (or multiplied by 0.18 or 0.8, respectively). 
The distance so found is from the origin of the sound signal, which might differ 
somewhat from that of the radio signal. Table 4110 can be used for finding the 
distance in nautical miles from a sound signal source. 


Distance in nautical miles 
Interval from sound signal source 
in 
seconds ; 
Air Submarine 
1 0.18 0.8 
2 . 36 1.6 
3 . 54 2.4 
4 mike 3.2 
5 . 90 4.0 
6 1. 08 4.8 
7 1.26 5.6 
8 1.44 6.4 
9 1.62 7.2 
10 1,80 8.0 
20 3.60 16.0 
30 5. 40 24.0 
40 7.20 
50 9. 00 
60 10. 80 


TaBLE 4110.—Table for finding distance 
from a sound source. 
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The speed of sound travel is influenced by a number of conditions making it 
impracticable to state a factor that will give exact results under all conditions. The 
results obtained by the methods described may be accepted as being accurate to 
within 10 percent of the distance, 

Ordinarily, the sound signals do not operate during the transmission period of 
the radio signal in clear weather. The methods in use employ, as a rule, distinctive 
signals to indicate the point of synchronization. Methods of synchronizing the 
signals vary and are described or illustrated in official announcements regarding 
them. It is essential to note carefully the point of synchronization used so that no 
error will be made through taking time on the wrong signal or the wrong part of it. 

An example of the synchronized signals is shown in figure 4110. In this exam- 
ple, the beginning of the 10-second radio dash and the beginning of the 5-second fog 
signal blast are synchronized. The observer may use as the time interval the 
interval from the time of hearing the beginning of the long radio dash to the 
instant of hearing the beginning of the long blast of the fog signal. 


SIX MINUTES 


FIVE MINUTES ONE MINUTE 


28 


RADIOBEACON OFF 


FOG SIGNAL ONE BLAST ev 20°(3°bl) 


Figure 4110.—Synchronized radio and fog signals. 


In observing air signals it is usually sufficient to use a watch with second hand, 
although a stopwatch is helpful. For submarine signals where the interval is short- 
er and a time error correspondingly more important, it is essential that a stopwatch 
or other timing device be used. Where the radiobeacon and submarine signals are 
not received at the same point on the vessel, means of instant communication 
between two observers should be available or synchronized stopwatches provided for 
each. 

In the case of some sound signals a series of short radio dashes is transmitted 
at intervals following the synchronizing point, so that by counting the number of 
such short dashes heard after the distinctive radio signal and before hearing the 
corresponding distinctive sound signal, the observer obtains his distance, in miles 
equal to the number of dashes counted, from the sound signal apparatus unless 
stated otherwise. 

Ships not equipped with an RDF receiver can take advantage of the distance 
finding feature of a radiobeacon station, if equipped with a radio receiver capable of 
receiving the transmission. In the case of obtaining distance from a radiobeacon 
station which is synchronized with a submarine sound signal, the ship must also be 
equipped with a device for picking up submarine sound signals. 

4111. Rotating loop radiobeacon.—The rotating loop radiobeacon used in Japa- 
nese waters consists of a rotating loop transmitter having directional properties by 
which an observer in a ship can obtain his bearing from the beacon without the use 
of a radio direction finder. Any radio receiving set capable of being tuned to the 
radiobeacon frequency can be used. The only other equipment required is a reliable 
stopwatch with a sweep second hand. Stopwatches and clocks with dials graduated 
in degrees can be used, from which bearings can be read off directly without any . 
mathematical calculation. 
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During each revolution of the beacon, the signals received by the observer will 
rise and fall in intensity, passing through a maximum and a minimum twice each 
minute. The positions of minimum intensity, which occur at intervals of 30 seconds 
from one another, are very sharp and can be accurately observed. These are, 
therefore, used for navigation purposes. 

The beacon may be regarded as having a line or beam of minimum intensity 
which rotates at a uniform speed of 360° in 1 minute (i.e. 6° in 1 second) based on 
the true meridian as starting point. Therefore, if the observer can (1) identify the 
beacon and (2) measure the number of seconds which this minimum beam takes to 
reach his position starting from the true meridian, this number multiplied by six 
will give his true bearing from the beacon or its reciprocal. 

Each transmission (fig. 4111) from the beacon lasts for 4 minutes, and automati- 
cally starts again at the end of the silent period. Each transmission consists of two 
parts: (1) the identification signal of the station set at a slow speed for the first 
minute, commencing when the minimum beam is true east and west and followed 
by a long dash of about 12 seconds duration and (2) the signal group commencing 
when the minimum beam is approaching the true meridian and consisting of (i) the 
north starting signal, which is Morse V followed by two dots (--- — --); (ii) a long 
dash of about 12 seconds duration; (iii) the east starting signal, which is Morse B 
followed by two dots (— -- -- ); and (iv) a long dash for about 42 seconds. 
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FicureE 4111.—Transmissions from rotating loop radiobeacon. 


The navigation signals are repeated during the remainder of the transmission 
and signals cease when the minimum beam is in the east-west position. . 

4112. Using the rotating loop radiobeacon.—Procedures for using the rotating 
loop radiobeacon are as follows: 

1. Set stopwatch to zero. 

2. Listen for identification signal. 

3 When the first long dash begins (at A of figure 4111) standby for the north 
starting signal (Morse V followed by two dots); start stopwatch exactly at beginning 
of long dash (00° of figure 4111), counting “one’”-“two” with the two preceding dots 
and “three” for the start of the stopwatch. 
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4. Listen for minimum and record its exact time by stopwatch. 

5. Multiply the number of seconds by 6° for bearing. 

6. Determine whether bearing is reciprocal or direct. 

7. If the north signal is faint, use the east signal but add 90° to the bearing. 

The true bearing established is from the beacon. Therefore, if conversion angle 
(art 403, vol. IT) is to be used it should be applied to the true bearing of the observer 
from the beacon, as in correcting bearings obtained by shore direction finder sta- 
tions for conversion angle. 

The following precautions should be observed: 

1. Stopwatch should be started exactly at the beginning of the long dash. 

2. The time of the minimum should be observed to the nearest fifth of a second, 
if possible. 

3. Be sure to determine whether the bearing is the direct bearing to the beacon 
or its reciprocal. 

4. If the east signal is used, be sure to add 90°. 

5. The stopwatch should be checked before use. This can be done by checking 
the time by stopwatch of the complete revolution of the beacon transmission. A 
comparatively large bearing error can result from inaccurate timing. 


CHAPTER XLII 


RADAR NAVIGATION 


| 4201. Introduction.—Radar navigation involves the use of radio waves, usually 
in the centimeter band, to determine the direction and distance of an object reflect- 
ing the waves to the sender. 

A more detailed discussion of this part of radionavigation is given in Pub. No. 
1310, Radar Navigation Manual. 

4202. Radar, a term derived from radio detection and ranging, is applied to 
electronic equipment designed to determine distance by measuring the time re- 
quired for a radio signal to travel from a transmitter to a “target” and return, 
either as a reflected “echo” (primary radar) or as a retransmitted signal from a 
transponder (art. 4018) triggered by the original signal (secondary radar). Since 
primary radar uses a directional antenna, the direction of the target is also deter- 
mined, but with somewhat less accuracy than the distance. 

In the usual design for marine navigation applications, the radio signal is pulse 
modulated (art. 4016). Signals are generated in a transmitter by a timing circuit so 
that energy leaves the antenna in very short bursts or “pulses.” During transmis- 
sion of a pulse, the antenna is connected to the transmitter but not the receiver. As 
soon as the pulse leaves, an electronic switch disconnects the antenna from the 
transmitter and connects it to the receiver. Another pulse is not transmitted until 
after the preceding one has had time to travel to the most distant target within 
range, and return. Since the interval between pulses is long compared with the 
length of a pulse, strong signals can be provided with low average power. The 
duration or length of a single pulse is called pulse length, pulse duration, or pulse 
width. 

From the receiver, the return signal goes to the indicator. This consists of a 
cathode-ray tube (art. 4019) and appropriate circuits. Many types of displays have 
been devised, a number of them to meet specialized requirements. For navigational 
use, the earliest type of display was the A-scope. The principle of this scope is 
illustrated in figure 4202a. At A a pulse leaves the antenna of a ship, and a vertical 
deflection appears at the start of the horizontal trace on the scope face. At B the 
pulse has traveled some distance outward from the antenna. A short horizontal line 
appears after the vertical deflection on the scope face. The length of this line is 
directly proportional to the distance traveled by the pulse. At C the pulse encoun- 
ters a target with a reflecting surface. At D the original pulse has moved on beyond 
the target, but part of its energy has been reflected back toward the transmitter. At 
E the echo has arrived back at the transmitting craft, causing a vertical deflection 
of the horizontal trace. The height of this deflection is directly proportional to the 
strength of the returning signal. At F the echo has proceeded on past the transmit- 
ting ship, and the trace is completed. 

This sequence is repeated a great many times, perhaps 1,000 per second, the 
rate being called the pulse repetition rate (PRR) or pulse recurrence rate. The 
start of each trace is synchronized with transmission of the signal so that each 
trace is a repetition of the previous one, if slight changes in relative positions of 
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Ficure 4202a.—A-scope. 


transmitting ship, target, and antenna orientation are neglected. Therefore, the 
trace and all deflections appear as a continuous line. The distance between leading 
edges of the vertical deflections, or “pips,” is directly proportional to range. A 
change of range alters the positions of the second pip. The orientation of the 
antenna is an indication of direction. A pip appears only when the antenna is 
pointed toward the target. 

The type of presentation now most commonly used for navigational radar is 
called the plan position indicator (PPI). On this presentation the sweep starts at 
the center of the tube face and moves outward along a radial line which rotates in 
synchronization with the antenna. Instead of being deflected, the trace glows with 
greater intensity (brightness) at the appropriate places. Because of the persistence 
of the tube face coating, the glow continues after the trace rotates on past the 
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target, resulting in a maplike presentation on the scope. This presentation is shown 
in figure 4202b. 

On a PPI, the range of a target is proportional to the distance of its echo signal 
from the center of the scope. This may be measured by a series of visible concentric 
circles at established distances from the center, or by means of an adjustable ring 
(variable range marker) synchronized with a counter. Bearing is indicated by the 
direction of an echo signal from the center of the scope. To facilitate measurement 
of direction, a movable, radial, guide line or cursor is provided, and a compass rose 
is placed around the outside of the scope. In the ‘“‘heading-upward” presentation, 
relative bearings are indicated, the top of the scope representing the direction of 
the ship’s head. In this unstabilized presentation, the orientation changes with 
changes in ship’s heading. In the stabilized “north-upward” presentation, gyro 
north is always at the top, regardless of the heading. True bearings are indicated if 
there is no gyro error. On this type presentation a radial line is customarily 
provided at the heading of the vessel. 

Provision may be made for offsetting the center of the PPI presentation from 
the center of the tube face, to permit large-scale observation of distant targets in 
one direction. With “true motion” radar, the center of the PPI continues to repre- 
sent the same geographical position until reset. The actual motion of all moving 
objects, including one’s own vessel, appears on the PPI, instead of the relative 
movement usually shown. 

Other modifications have been devised. In some installations a repeater dupli- 
cates the presentation, making the information available at a distance from the 
radar. 

4203. The radar beam.—The pulses of energy as emitted from a feedhorn at the 
focal point of a reflector or as emitted and radiated directly from the slots of a 
slotted waveguide antenna would, for the most part, form a single lobe-shaped 
pattern of radiation if emitted in free space. Figure 4203a shows this free space 
radiation pattern, including the undesirable minor lobes or side lobes associated 
with practical antenna design. Because of the large differences in the various 
dimensions of the radiation pattern, figure 4203a is necessarily distorted. 

Although the radiated energy is concentrated or focused into a relatively 
narrow main beam by the antenna, similar to a beam of light from a flashlight, 
there is no clearly defined envelope of the energy radiated. Although the energy is 
concentrated along the axis of the beam, the strength of the energy decreases 
rapidly in directions away from the beam axis. The power in watts at points in the 
beam is inversely proportional to the square of the distance. Therefore, the power 
at 3 miles is only one-ninth of the power at 1 mile in a given direction. The field 
intensity in volts at points in the beam is inversely proportional to the distance. 
Therefore, the voltage at 2 miles is only one-half the voltage at 1 mile in a given 
direction. With the rapid decrease in the amount of radiated energy in directions 
away from the axis and in conjunction with the rapid decreases of this energy with 
distance, it follows that practical limits of power of voltage may be used to define 
the dimensions of the radar beam or to establish its envelope of useful energy. 

The three-dimensional radar beam is normally defined by its horizontal and 
vertical beam widths. Beam width is the angular width of a radar beam between 
points within which the field strength or power is greater than arbitrarily selected 
lower limits of field strength or power. 

There are two limiting values, expressed either in terms of field intensity or 
power ratios, used conventionally to define beam width. One convention defines 
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beam width as the angular width between points at which the field strength is 71 
percent of its maximum value. Expressed in terms of power ratio, this convention 
defines beam width as the angular width between half-power points. The other 
convention defines beam width as the angular width between points at which the 
field strength is 50 percent of its maximum value. Expressed in terms of power 
ratio, the latter convention defines beam width as the angular width between 
quarter-power points. 

The half-power ratio is the most frequently used convention. Which convention 
has been used in stating the beam width may be identified from the decibel (dB) 
figure normally included with the specifications of a radar set. Half-power and 71 
percent field strength correspond to —3 dB; quarter-power and 50 percent field 
strength correspond to —6 dB. 

The radiation diagram shown in figure 4203b depicts relative values of power in 
the same plane existing at the same distances from the antenna or the origin of the 
radar beam. Maximum power is in the direction of the axis of the beam. Power 
values diminish rapidly in directions away from the axis. The beam width in this 
case is taken as the angle between the half-power points. 


FicureE 4203a.—Free space radiation pattern. 
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Ficure 4203b.—Radiation diagram. 


For a given amount of transmitted power, the main lobe of the radar beam 
extends to a greater distance at a given power level with greater concentration of 
power in narrower beam widths. To increase maximum detection range capabilities, 
the energy is concentrated into as narrow a beam as is feasible. Because of practical 
considerations related to target detection and discrimination, only the horizontal 
beam width is quite narrow, typical values being between about 0°65 to 270. The 
vertical beam width is relatively broad, typical values being between about 15° to 
30°. 

The beam width is dependent upon the frequency or wavelength of the trans- 
mitted energy, antenna design, and the dimensions of the antenna. 

For a given antenna size (antenna aperture), narrower beam widths are ob- 
tained when using shorter wavelengths. For a given wavelength, narrower beam 
widths are obtained when using larger antennas. 

The slotted waveguide antenna has largely eliminated the side-lobe problem. 
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With radar waves being propagated in the vicinity of the surface of the sea, the 
main lobe of the radar beam, as a whole, is composed of a number of separate lobes 
as opposed to the single lobe-shaped pattern of radiation as emitted in free space. 
This phenomenon is the result of interference between radar waves directly trans- 
mitted and those waves which are reflected from the surface of the sea. The vertical 
beam widths of navigational radars are such that during normal transmission, 
radar waves will strike the surface of the sea at points from near the antenna to 
the radar horizon, depending upon antenna height and vertical beam width. The 
indirect waves (fig. 4203c) reflected from the surface of the sea may, on rejoining 
the direct waves, either reinforce or cancel the direct waves depending upon wheth- 
er they are in phase or out of phase with the direct waves, respectively. Where the 
direct and indirect waves are exactly in phase, i.e., the crests and troughs of the 
waves coincide, hyperbolic lines of maximum radiation known as lines of maxima 
are produced. Where the direct and indirect waves are exactly of opposite phase, 
Le., the trough of one wave coincides with the crest of the other wave, hyperbolic 
lines of minimum radiation known as lines of minima are produced. Along direc- 
tions away from the antenna, the direct and indirect waves will gradually come into 
and pass out of phase, producing lobes of useful radiation separated by regions 
within which, for practical purposes, there is no useful radiation. Except for the 
fact that the phase of the indirect wave is reversed on being reflected from the 
surface of the sea, points on the lines of minima would correspond to differences in 
the lengths of the paths of the direct and indirect waves of an odd number of half 
wavelengths. Because of the reversal of the phase of the indirect wave on being 
reflected from the surface of the sea, points on the lines of minima correspond to 
differences in the lengths of the paths of the direct and indirect waves of an even 
number of half wavelengths. 


Direct wave 


Sea surface 


FIGURE 4203c.—Direct and indirect waves. 


Figure 4203d shows the lower region of the interference pattern of a represent- 
ative navigational radar. Since the first line of minima is at the surface of the sea, 
the first region of minimum radiation or energy is adjacent to the sea’s surface. 

From this figure it should be obvious that if energy is to be reflected from a 
target, the target must extend somewhat above the radar horizon, the amount of 
extension being dependent upon the reflecting properties of the target. 

A vertical-plane coverage diagram (fig. 4203d) is used by radar designers and 
analysts to predict regions in which targets will and will not be detected. 

Of course, on the small page of a book it would be impossible to illustrate the 
coverage of a radar beam to scale with antenna height being in feet and the lengths 
of the various lobes of the interference pattern being in miles. In providing greater 
clarity of the presentation of the lobes, non-linear graduations of the arc of the 
vertical beam width are used. 

The lengths of the various lobes shown in figures 4203d and 4203e should be 
given no special significance with respect to the range capabilities of a particular. 
radar set. As with other coverage diagrams, the lobes are drawn to connect points 
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FicureE 4203d.—Vertical-plane coverage diagram (3050 MHz, antenna height 
25 feet, wave height 4 feet). 


of equal field intensities. Longer and broader lobes may be drawn connecting points 
of equal, but lesser, field intensities. 
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Ficure 4203e.—Vertical-plane coverage diagram (1000 MHz, vertical beam 
width 10°, antenna height 80 feet, wave height 0 feet). 
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The vertical plane coverage diagram as shown in figure 4203e, while not 
representative of navigational radars, does indicate that at the lower frequencies 
the interference pattern is coarser than the patterns for higher frequencies. This 
particular diagram was constructed with the assumption that the free space useful 
range of the radar beam was 50 nautical miles. From this diagram it is seen that 
the ranges of the useful lobes are extended to considerably greater distance because 
of the reinforcement of the direct radar waves by the indirect radar waves. Also, 
the elevation of the lowest lobe is higher than it would be for a higher frequency. 
Figure 4208e also illustrates the vertical view of the undesirable side lobes associat- 
ed with practical antenna design. In examining these radiation coverage diagrams, 
the reader should keep in mind that the radiation pattern is three-dimensional. 

Antenna height as well as frequency or wavelength governs the number of 
lobes in the interference pattern. The number of the lobes and the fineness of the 
interference pattern increase with antenna height. Increased antenna height as 
well as increases in frequency tends to lower the lobes of the interference pattern. 

The pitch and roll of the ship radiating do not affect the structure of the 
interference pattern. 

Diffraction is the bending of a wave as it passes an obstruction. Because of 
diffraction there is some illumination of the region behind an obstruction or target 
by the radar beam. Diffraction effects are greater at the lower frequencies. Thus, 
the radar beam of a lower frequency radar tends to illuminate more of the shadow 
region behind an obstruction than the beam of a radar of higher frequency or 
shorter wavelength. 

Attenuation is the scattering and absorption of the energy in the radar beam as 
it passes through the atmosphere. It causes a decrease in echo strength. Attenu- 
ation is greater at the higher frequencies or shorter wavelengths. 

While reflected echoes are much weaker than the transmitted pulses, the 
characteristics of their return to the source are similar to the characteristics of 
propagation. The strengths of these echoes are dependent upon the amount of 
transmitted energy striking the targets and the size and reflecting properties of the 
targets. 


Refraction 


If the radar waves actually traveled in straight lines or rays, the distance to 
the horizon grazed by these rays would be dependent only on the height of the 
antenna, assuming adequate power for the rays to reach this horizon. Without the 
effects of refraction, the distance to the radar horizon would be the same as that of 
the geometrical horizon for the antenna height. Like light rays, radar rays are 
subject to bending or refraction in the atmosphere resulting from travel through 
regions of different density. However, radar rays are refracted slightly more than 
light rays because of the frequencies used. 

Where A is the height of the antenna in feet, the distance, d, to the radar 
horizon in nautical miles, assuming standard atmospheric conditions, may be found 
as follows: 


d= 1.29 he 


With the distances to the geometrical and optical horizons being 1.06VhA and 
1.15Vh, respectively, the radar horizon exceeds the geometrical horizon by 15- 
percent and the optical horizon by 6 percent. Thus, like light rays in the standard 
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atmosphere, radar rays are bent or refracted slightly downwards approximating the 
curvature of the earth. 

The distance to the radar horizon does not in itself limit the distance from 
which echoes may be received from targets. Assuming that adequate power is 
transmitted, echoes may be received from targets beyond the radar horizon if their 
reflecting surfaces extend above it. Note that the distance to the radar horizon is 
the distance at which the radar rays graze the surface of the earth. 

In the preceding discussion, standard atmospheric conditions were assumed. 
The standard atmosphere is a hypothetical vertical distribution of atmospheric 
temperature, pressure, and density which is taken to be representative of the 
atmosphere for various purposes. While the atmospheric conditions at any one 
locality during a given season may differ considerably from standard atmospheric 
conditions, the slightly downward bending of the light and radar rays may be 
described as the typical case. 

Although the formula for the distance to the radar horizon (d=1.22Vh) is 
based upon a wavelength of 3 centimeters, this formula may be used in the compu- 
tation of the distance to the radar horizon for other wavelengths used with naviga- 
tional radar. The value so determined should be considered only as an approximate 
value because the mariner generally has no means of knowing what are the actual 
refraction conditions. 

In calm weather with no turbulence when there is an upper layer of warm, dry 
air over a surface layer of cold, moist air, a condition known as super-refraction 
may occur. The effect of super-refraction is to increase the downward bending of the 
radar rays and thus increase the ranges at which targets may be detected. Super- 
refraction occurs often in the tropics when a warm land breeze blows over cooler 
ocean currents. 

If a layer of cold, moist air overrides a shallow layer of warm, dry air, a 
condition known as sub-refraction may occur. The effect of sub-refraction is to bend 
the radar rays upward and thus decrease the maximum ranges at which targets 
may be detected. 

Sub-refraction also affects minimum ranges and may result in failure to detect 
low lying targets at short range. This condition may occur in polar regions when 
cold airmasses move over warm ocean currents. 

Most radar operators are aware that at certain times they are able to detect 
targets at extremely long ranges, but at other times they cannot detect targets 
within visual ranges, even though their radars may be in top operating condition in 
both instances. These phenomena occur during extreme cases of super-refraction. 
Energy radiated at angles of 1° or less may be trapped in a layer of the atmosphere 
called a surface radio duct. In the surface radio duct, the radar rays are refracted 
downward to the surface of the sea, reflected upward, refracted downward again 
within the duct, and so on continuously. The energy trapped by the duct suffers 
little loss; thus, targets may be detected at exceptionally long ranges. Surface 
targets have been detected at ranges in excess of 1,400 miles with relatively low- 
powered equipment. There is a great loss in the energy of the rays escaping the 
duct, thus reducing the chances for detection of targets above the duct. 

Ducting sometimes reduces the effective radar range. If the antenna is below a 
duct, it is improbable that targets above the duct will be detected. In instances of 
extremely low-level ducts when the antenna is above the duct, surface targets lying 
below the duct may not be detected. The latter situation does not occur very often. 
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Although ducting conditions can happen any place in the world, the climate 
and weather in some areas make their occurrence more likely. In some parts of the 
world, particularly those having a monsoonal climate, variation in the degree of 
ducting is mainly seasonal, and great changes from day to day may not take place. 
In other parts of the world, especially those in which low barometric pressure areas 
recur often, the extent of nonstandard propagation conditions varies considerably 
from day to day. 

4204. Minimum and maximum range.—Since the receiver is disconnected 
during transmission of a signal, no echo can be received during this period. As a 
result, there is a minimum range at which objects can be detected. The shortest 
pulses are about 0.05 microsecond in duration, or approximately 49 feet long. Since 
the time measurement is of the round trip as the signal travels to the target and 
the echo returns, the range is half the distance corresponding to the measured time 
interval. Therefore, a minimum range of about 25 feet is theoretically possible with 
a pulse of 0.05 microsecond. However, the practical minimum range is somewhat 
greater because of receiver recovery time, sea return, side-lobe echoes, and the 
vertical beam width. 

1. Recovery time of the receiver extends the minimum range at which a target 
can be detected beyond the range determined by the pulse length. 

2. Sea return or echoes received from waves may clutter the indicator within 
and beyond the minimum range established by the pulse length and recovery time. 

3. When operating near land or large targets, side-lobe echoes (echoes from 
targets detected in the side-lobes of the antenna beam pattern) may clutter the 
indicator and prevent detection of close targets, without regard to the direction in 
which the antenna is trained. 

4. Small surface targets may escape detection when close due to the limits of 
effective radiation established by the vertical beam width. 

The maximum range is limited by the frequency, peak power, pulse length, 
pulse repetition rate, beam width, receiver sensitivity, antenna rotation rate, curva- 
ture of the earth, target characteristics, and weather. 

1. Lower frequencies (longer wavelengths) generally provide longer detection 
ranges because the attenuation of the higher frequencies is greater, regardless of 
weather. 

2. The range capability increases with increase in peak power. Doubling the 
peak power increases the range capability by about 25 percent. 

3. As the pulse length is increased, the range capability also increases due to 
the greater amount of energy transmitted. 

4. The pulse repetition rate (PRR) determines the maximum measurable range 
of the radar. Ample time must be allowed between pulses for an echo to return 
from any target located within the maximum workable range of the system. Other- 
wise, echoes returning from the more distant targets are blocked by succeeding 
transmitted pulses. This necessary time interval determines the highest PRR that 
can be used. The PRR must be high enough, however, that sufficient pulses hit the 
target, and enough echoes are returned to the radar. 

5. The detection range increases as the radar beam becomes more concentrated. 

6. The more sensitive receivers provide greater detection ranges. 

7. The detection range increases as the antenna rotation rate decreases. For a 
radar set having a PRR of 1000 pulses per second, a horizontal beam width of 250) 
and an antenna rotation rate of 6 RPM (1 revolution in 10 seconds or 36 scanning - 
degrees per second), there is one pulse transmitted each 0°036 of rotation. There are 
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56 pulses transmitted during the time required for the antenna to rotate through 
its beam width: 


Beam Width 2°0 


= =56 pulses. 
Degrees per Pulse 0°036 


With an antenna rotation rate of 15 RPM (1 revolution in 4 seconds or 90 scanning 
degrees per second), there is only one pulse transmitted each 0°090 of rotation. 
There are only 22 pulses transmitted during the time required for the antenna to 
rotate through its beam width: 


Beam Width 2.0 


= =22 pulses. 
Degrees per Pulse 0°090 


From the foregoing it is apparent that at the higher antenna rotation rates, the 
maximum ranges at which targets, particularly small targets, may be detected are 
reduced. 

8. Since radar operates in the higher frequencies that are essentially line-of- 
sight, the maximum range is limited by the curvature of the earth. The radar 
horizon, at which rays from the transmitting antenna graze the surface of the 
earth, is at a distance about 15 percent greater than that of the visible horizon (tab. 
8). Under conditions of abnormal refraction (art. 4203), both visible and radar 
horizons may be extended to greater distances. Due to curvature of the earth, 
maximum range increases as either antenna or target height increases. 

9. There are several target characteristics which will enable one target to be 
detected at a greater range than another, or for one target to produce a stronger 
echo than another target of similar size: 

Height. Since radar wave propagation is almost line-of-sight, the height of the 
target is of prime importance. If the target does not rise above the radar horizon, 
the radar beam cannot be reflected from the target. Because of the interference 
pattern in the radar beam, the target must rise somewhat above the radar horizon. 

Size. Up to certain limits, targets having larger reflecting areas return stronger 
echoes than targets having smaller reflecting areas. Should a target be wider than 
the horizontal beam width, the strength of the echoes is not increased on account of 
the greater width of the target because the area not exposed to the radar beam at 
any instant cannot, of course, reflect an echo. Since the vertical dimensions of most 
targets are small compared to the vertical beam width of marine navigational 
radars, the beam width limitation is not normally applicable to the vertical dimen- 
sions. However, there is a vertical dimension limitation in the case of sloping 
surfaces or stepped surfaces. In this case, only the projected vertical area lying 
within the distance equivalent of the pulse length can return echoes at any instant. 

Aspect of a target is its orientation to the axis of the radar beam. With change 
in aspect, the effective reflecting area may change, depending upon the shape of the 
target. The nearer the angle between the reflecting area and the beam axis is 90°, 
the greater is the strength of the echo returned to the antenna. 

Shape. Targets of identical shape may give echoes of varying strength, depend- 
ing on aspect. Thus a flat surface at right angles to the radar beam, such as the 
side of a steel ship or a steep cliff along the shore, reflects very strong echoes. As 
the aspect changes, this flat surface tends to reflect more of the energy of the beam 
away from the antenna, and may given rather weak echoes. A concave surface 
tends to focus the radar beam back to the antenna while a convex surface tends to 
scatter the energy. A smooth conical surface does not reflect energy back to the 
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antenna. However, echoes may be reflected to the antenna if the conical surface is 
rough. 

Texture of the target may modify the effects of shape and aspect. A smooth 
texture tends to increase the reflection qualities, but unless the aspect and shape of 
the target are such that the reflection is focused directly back to the antenna, the 
smooth surface will give a poor radar echo because most of the energy is reflected 
in another direction. On the other hand, a rough surface tends to break up the 
reflection and improves the strength of echoes returned from those targets whose 
shape and aspect normally give weak echoes. 

Composition. The ability of various substances to reflect radar pulses depends 
on the intrinsic electrical properties of those substances. Thus metal and water are 
good reflectors. Ice is a fair reflector, depending on aspect. Land areas vary in their 
reflection qualities depending on the amount and type of vegetation and the rock 
and mineral content. Wood and fiber glass boats are poor reflectors. It must be 
remembered that all of the characteristics interact with each other to determine 
the strength of the radar echo, and no factor can be singled out without considering 
the effects of the others. 

10. The usual effects of weather are to reduce the ranges at which targets can 
be detected and to produce unwanted echoes on the radarscope which may obscure 
the returns from important targets or from targets which may be dangerous to 
one’s ship. 

The wind produces waves which reflect unwanted echoes (art. 4206) which 
appear on the PPI as sea return. Sea return is normally greater in the direction 
from which the wind and seas are coming. Rain, hail, and snow storms all may 
return echoes which appear on the PPI as a blurred or cluttered area. In addition 
to masking targets which are within the storm area, heavy precipitation may 
absorb some of the strength of the pulse and decrease maximum detection range. 

4205. Radarscope interpretation.—Radar may serve the navigator as a very 
valuable tool if its characteristics and limitations are understood. Although deter- 
mining position through observation of the range and bearing of a charted, isolated, 
and well defined object having good reflecting properties is relatively simple, this 
task still requires that the navigator have an understanding of the characteristics 
and limitations of his radar. The more general task of using radar in observing a 
shoreline where the radar targets are not so obvious or well defined requires 
considerable expertise which may be gained only through an adequate understand- 
ing of the characteristics and limitations of the radar being used. 

Although the plan position indicator does provide a chartlike presentation 
when a landmass is being scanned, the image painted by the sweep is not a true 
representation of the shoreline. But with practice, one can acquire considerable 
skill in interpreting the signals appearing on the radarscope. Some of the factors to 
be kept in mind in interpretation are the following: 

Resolution in range. In part A of figure 4205a, a transmitted pulse has arrived 
at the second of two targets of insufficient size or density to absorb or reflect all of 
the energy of the pulse. While the pulse has traveled from the first to the second 
target, the echo from the first has traveled an equal distance in the opposite 
direction. At B the transmitted pulse has continued on beyond the second target, 
and the two echoes are returning toward the transmitter. The distance between 
leading edges of the two echoes is twice the distance between targets. The correct 
distance will be shown on the scope, which is calibrated to show half the distance 
traveled out and back. At C the targets are closer together and the pulse length has 
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been increased. The two echoes merge, and on the scope will appear as a single, 
large target. At D the pulse length has been decreased, and the two echoes appear 
separated. The ability of a radar to separate targets close together on the same 
bearing is called resolution in range. It is related primarily to pulse length, the 
minimum distance between targets that can be distinguished as separate ones being 
half the pulse length. This (half the pulse length) is the apparent depth or thick- 
ness of a target presenting a flat perpendicular surface to the radar beam. Thus, 
several ships close together may appear as an island. Echoes from a number of 
small boats, piles, breakers, or even large ships close to the shore may blend with 
echoes from the shore, resulting in an incorrect indication of the position and shape 
of the shoreline. 
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Ficure 4205a.—Resolution in range. 


Resolution in bearing is similar to that in range. A pulse proceeds outward 


along a narrow sector. As the beam rotates, energy is returned during the entire 
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time that a target is “illuminated,” the same as with a searchlight. A vertical 
target such as a mast is “seen” over the arc in which there is sufficient illumina- 
tion to render it visible. On a radar PPI a target appears widened by an amount 
equal to the effective beam width, half the effective beam width being added to 
each side. Thus, the echoes from two or more targets close together at the same 
range may merge to form a single, wider echo. The ability to separate such targets 
is called resolution in bearing. In angular units it is dependent primarily upon 
beam width, a narrower beam having a higher resolution. In terms of distance 
between targets, range is also important, resolution increasing as range decreases. 

Height of antenna and target. If the radar horizon (art. 4203) is between the 
transmitting vessel and the target, the lower part of the target will not be visible. A 
large vessel may appear as a small craft, a shoreline may appear at some distance 
inland. Areas within shadows may not be visible at all. 

Reflecting quality of target. Echoes from several targets of the same size may be 
quite different in appearance. A metal surface is a better reflector of radio waves 
than a wooden surface. A surface perpendicular to the beam returns a stronger 
echo than a nonperpendicular one. For this reason, a gently sloping beach may not 
be visible. A vessel encountered broadside returns a stronger echo than one heading 
toward or away from the radar vessel. In some instances, the strength of an echo 
can be increased by means of a corner reflector (art. 4207). 

Frequency. As the frequency is increased, reflections occur from smaller targets. 
Thus, a 10-centimeter radar generally penetrates fog, rain, snow, etc., while a 3- 
centimeter radar receives returns from such obstacles. 

Radarscope interpretation is complicated somewhat by the presence of unwant- 
ed signals from atmospheric noise, sea return, precipitation, etc. Collectively, this is 
called clutter. Generally, it is strongest near the vessel and gradually decreases 
with increased range, because of reduced sea return. Strong echoes can sometimes 
be detected by reducing the volume or “gain” of the receiver (not the image 
intensity of the indicator), so that weaker signals will not appear. Even when the 
amplitude of the clutter is about the same as that of desired signals, the latter can 
sometimes be detected by watching the scope during several rotations of the anten- 
na. At each rotation the signals from targets remain at about the same place, and 
of about the same magnitude, while those from waves, noise, etc., fluctuate, appear- 
ing different on each revolution. Floating ice or a small boat may not be detected at 
any range if the waves are high. A rough surface returns a stronger echo than a 
smooth surface. 

Sometimes a signal appears on a radar screen when there is no visible object at 
the point indicated, and no apparent source of the signal. This is called a ghost. It 
may be due to faulty operation of the radar set or to an actual echo returned from a 
discontinuity in the atmosphere. Sometimes such discontinuities reflect light, also, 
producing images or apparent images similar to mirages and of seeming apparent 
reality. A similar condition occasionally occurs in the sea. This phenomenon is 
undoubtedly the basis of many reports of strange objects sighted visually or by 
radar. Sometimes such apparent objects exhibit incredible speed or maneuverabil- 
ity. 

The major problem is that of determining which features in the vicinity of the 
shoreline are actually reflecting the echoes “painted” on the radarscope. Particular- 
ly in cases where a low lying shore is being scanned, there may be considerable - 
uncertainty. 
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An associated problem is the fact that certain features on the shore will not 
return echoes, even if they have good reflecting properties, simply because they are 
blocked from the radar beam by other physical features or obstructions. This factor 
in turn causes the chartlike image painted on the scope to differ from the chart of 
the area. 

If the navigator is to be able to interpret the chartlike presentation on his 
radarscope, he must have at least an elementary understanding of the characteris- 
tics of radar propagation, the characteristics of his radar set, the reflecting proper- 
ties of different types of radar targets, and the ability to analyze his chart to make 
an estimate of just which charted features are most likely to reflect the transmitted 
pulses or to be blocked from the radar beam. Although contour lines on the chart 
topography aid the navigator materially in the latter task, experience gained 
during clear weather comparison of the visual cross-bearing plot and the radarscope 
presentation is invaluable. 

Observing experience gained during good weather transits of confined waters can 
be invaluable during later inclement weather transits, particularly if the navigator 
gives close attention to the identification of those features the reliable identification 
of which would be of material aid in effecting a safe transit. 

On relative and true motion displays, landmasses are readily recognizable 
because of the generally steady brilliance of the relatively large areas painted on 
the PPI. Also land should be at positions expected from knowledge of the ship’s 
navigational position. On relative motion displays, landmasses move in directions 
and at rates opposite and equal to the actual motion of the observer’s ship. Individ- 
ual pips do not move relative to one another. On true motion displays, landmasses 
do not move on the PPI if there is accurate compensation for set and drift. Without 
such compensation, i.e., when the true motion display is sea-stabilized, only slight 
movements of landmasses may be detected on the PPI. 

Although landmasses are readily recognizable, the primary problem is the 
identification of specific features so that such features can be used for fixing the 
position of the observer’s ship. Identification of specific features can be quite diffi- 
cult because of various factors, including distortion resulting from beam width and 
pulse length, and uncertainty as to just which charted features are reflecting the 
echoes. The following hints may be used as an aid in identification: 

1. Sandspits and smooth, clear beaches normally do not appear on the PPI at 
ranges beyond 1 or 2 miles because these targets have almost no area that can 
reflect energy back to the radar. Ranges determined from these targets are not 
reliable. If waves are breaking over a sandbar, echoes may be returned from the 
surf. Waves may, however, break well out from the actual shoreline, so that 
ranging on the surf may be misleading when a radar position is being determined 
relative to the shoreline. 

2. Mud flats and marshes normally reflect radar pulses only a little better than 
a sandspit. The weak echoes received at low tide disappear at high tide. Mangroves 
and other thick growth may produce a strong echo. Areas that are indicated as 
swamps on a chart, therefore, may return either strong or weak echoes, depending 
on the density and size of the vegetation growing in the area. 

8 When sand dunes are covered with vegetation and are well back from a low, 
smooth beach, the apparent shoreline determined by radar appears as the line of 
the dunes rather than the true shoreline. Under some conditions, sand dunes may 
return strong echo signals because the combination of the vertical surface of the 
vegetation and the horizontal beach may form a sort of corner reflector. 
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4. Lagoons and inland lakes usually appear as blank areas on a PPI because 
the smooth water surface returns no energy to the radar antenna. In some in- 
stances, the sandbar or reef surrounding the lagoon may not appear on the PPI 
because it lies too low in the water. 

5. Coral atolls and long chains of islands may produce long lines of echoes 
when the radar beam is directed perpendicular to the line of the islands. This 
indication is especially true when the islands are closely spaced. The reason is that 
the spreading resulting from the width of the radar beam causes the echoes to 
blend into continuous lines. When the chain of islands is viewed lengthwise, or 
obliquely, however, each island may produce a separate pip. Surf breaking on a reef 
around an atoll produces a ragged, variable line of echoes. 

6. One or two rocks projecting above the surface of the water, or waves break- 
ing over a reef, may appear on the PPI. When an object is submerged entirely and 
the sea is smooth over it, no indication is seen on the PPI. 

1. If the land rises in a gradual, regular manner from the shoreline, no part of 
the terrain produces an echo that is stronger than the echo from any other part. As 
a result, a general haze of echoes appears on the PPI, and it is difficult to ascertain 
the range to any particular part of the land. 

Land can be recognized by plotting the contact. Care must be exercised when 
plotting because, as a ship approaches or goes away from a shore behind which the 
land rises gradually, a plot of the ranges and bearings to the land may show an 
“apparent” course and speed. 

8. Blotchy signals are returned from hilly ground because the crest of each hill 
returns a good echo although the valley beyond is in a shadow. If high receiver gain 
is used, the pattern may become solid except for the very deep shadows. 

9. Low islands ordinarily produce small echoes. When thick palm trees or other 
foliage grow on the island, strong echoes often are produced because the horizontal 
surface of the water around the island forms a sort of corner reflector with the 
vertical surfaces of the trees. As a result, wooded islands give good echoes and can 
be detected at a much greater range than barren islands. 

With the appearance of a small pip on the PPI, its identification as a ship can 
be aided by a process of elimination. A check of the navigational position can 
overrule the possibility of land. The size of the pip can be used to overrule the 
possibility of land or precipitation, both usually having a massive appearance on 
the PPI. The rate of movement of the pip on the PPI can overrule the possibility of 
aircraft. 

Having eliminated the foregoing possibilities, the appearance of the pip on the 
PPI at a medium range as a bright, steady, and clearly defined image indicates a 
high probability that the target is a steel ship. 

The pip of a ship target may brighten at times and then slowly decrease in 
brightness. Normally, the pip of a ship target fades from the PPI only when the 
range becomes too great. 

Although PPI displays are approximately chartlike when landmasses are being 
scanned by the radar beam, there may be sizable areas missing from the display 
because of certain features being blocked from the radar beam by other features. A 
shoreline which is continuous on the PPI display when the ship is at one position 
may not be continuous when the ship is at another position and scanning the same 
shoreline. The radar beam may be blocked from a segment of this shoreline by an 
obstruction such as a promontory. An indentation in the shoreline, such as a cove _ 
or bay, appearing on the PPI when the ship is at one position may not appear when 
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the ship is at another position nearby. Thus, radar shadow alone can cause consid- 
erable differences between the PPI display and the chart presentation. This effect 
in conjunction with beam width and pulse length distortion of the PPI display can 
cause even greater differences. 

The pips of ships, rocks, and other targets close to shore may merge with the 
shoreline image on the PPI. This merging is due to the distortion effects of horizon- 
tal beam width and pulse length. Target images on the PPI always are distorted 
angularly by an amount equal to the effective horizontal beam width. Also, the 
target images always are distorted radially by an amount at least equal to one-half 
the pulse length (164 yards per microsecond of pulse length). 

Figure 4205b illustrates the effects of ship’s position, beam width, and pulse 
length on the radar shoreline. Because of beam width distortion, a straight, or 
nearly straight, shoreline often appears crescent-shaped on the PPI. This effect is 
greater with the wider beam widths. Note that this distortion increases as the angle 
between the beam axis and the shoreline decreases. 

Figure 4205c illustrates the distortion effects of radar shadow, beam width, and 
pulse length. View A shows the actual shape of the shoreline and the land behind 
it. Note the steel tower on the low sand beach and the two ships at anchor close to 
shore. The heavy line in view B represents the shoreline on the PPI. The dotted 
lines represent the actual position and shape of all targets. Note in particular: 

1. The low sand beach is not detected by the radar. 

2. The tower on the low beach is detected, but it looks like a ship in a cove. At 
closer range the land would be detected and the cove-shaped area would begin to fill 
in; then the tower could not be seen without reducing the receiver gain. 

3. The radar shadow behind both mountains. Distortion owing to radar shadows 
is responsible for more confusion than any other cause. The small island does not 
appear because it is in the radar shadow. 

4. The spreading of the land in bearing caused by beam width distortion. Look 
at the upper shore of the peninsula. The shoreline distortion is greater to the west 
because the angle between the radar beam and the shore is smaller as the beam 
seeks out the more westerly shore. 

5. Ship No. 1 appears as a small peninsula. Her pip has merged with the land 
because of the beam width distortion. 

6. Ship No. 2 also merges with the shoreline and forms a bump. This bump is 
caused by pulse length and beam width distortion. Reducing receiver gain might 
cause the ship to separate from land, provided the ship is not too close to the shore. 
The Fast Time Constant (FTC) control could also be used to attempt to separate the 
ship from land. 

4206. Recognition of unwanted echoes.—The navigator must be able to recog- 
nize various abnormal echoes and effects on the radarscope so as not to be confused 
by their presence. 

Indirect or false echoes are caused by reflection of the main lobe of the radar 
beam off ship’s structures such as stacks and kingposts. When such reflection does 
occur, the echo will return from a legitimate radar contact to the antenna by the 
same indirect path. Consequently, the echo will appear on the PPI at the bearing of 
the reflecting surface. As shown in figure 4206a, the indirect echo will appear on 
the PPI at the same range as the direct echo received, assuming that the additional 
distance by the indirect path is negligible. 

Characteristics by which indirect echoes may be recognized are summarized as 


follows: 
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Ficure 4206a.—Indirect echo. 


1. The indirect echoes will usually occur in shadow sectors. 

2. They are received on substantially constant bearings although the true 
bearing of the radar contact may change appreciably. 

3. They appear at the same ranges as the corresponding direct echoes. 

4, When plotted, their movements are abnormal, usually. 

5. Their shapes may indicate that they are not direct echoes. 

Side-lobe effects are readily recognized in that they produce a series of echoes 
(fig. 4206b) on each side of the main lobe echo at the same range as the latter. 
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Semicircles or even complete circles may be produced. Because of the low energy of 
the side-lobes, these effects will normally occur only at the shorter ranges. The 
effects may be minimized or eliminated through use of the gain and anti-clutter 
controls. Slotted wave guide antennas have largely eliminated the side-lobe prob- 
lem. 

Multiple echoes may occur when a strong echo is received from another ship at 
close range. A second or third or more echoes may be observed on the radarscope at 
double, triple, or other multiples of the actual range of the radar contact (fig. 
4206c). 


FicuRE 4206b.—Side-lobe effects. FiGuRE 4206c.—Multiple echoes. 


Second-trace echoes (multiple-trace echoes) are echoes received from a contact 
at an actual range greater than the radar range setting. If an echo from a distant 
target is received after the following pulse has been transmitted, the echo will 
appear on the radarscope at the correct bearing but not at the true range. Second- 
trace echoes are unusual except under abnormal atmospheric conditions, or condi- 
tions under which super-refraction is present. Second-trace echoes may be recog- 
nized through changes in their positions on the radarscope on changing the pulse 
repetition rate (PRR); their hazy, streaky, or distorted shape; and the erratic move- 
ments on plotting. 

As illustrated in figure 4206d, a target pip is detected on a true bearing of 090° 
at a distance of 7.5 miles. On changing the PRR from 2000 to 1800 pulses per 
second, the same target is detected on a bearing of 090° at a distance of 3 miles (fig. 
4206e). The change in the position of the pip indicates that the pip is a second-trace 
echo. The actual distance of the target is the distance as indicated on the PPI plus 
half the distance the radar wave travels between pulses. 

Electronic interference effects, such as may occur when in the vicinity of - 
another radar operating in the same frequency band as that of the observer’s ship, 
is usually seen on the PPI as a large number of bright dots either scattered at 
random or in the form of dotted lines extending from the center to the edge of the 
PPI. 

Interference effects are greater at the longer radar range scale settings. The 
interference effects can be distinguished easily from normal echoes because they do- 
not appear in the same places on successive rotations of the antenna. 
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Figure 4206d.—Second-trace echo on 12-mile FiGurE 4206e.—Position of second-trace echo on 
range scale. 12-mile range scale after changing PRR. 


Stacks, masts, samson posts, and other structures may cause a reduction in the 
intensity of the radar beam beyond these obstructions, especially if they are close to 
the radar antenna. If the angle at the antenna subtended by the obstruction is more 
than a few degrees, the reduction of the intensity of the radar beam beyond the 
obstruction may be such that a blind sector is produced. With lesser reduction in 
the intensity of the beam beyond the obstructions, shadow sectors can be produced. 
Within these shadow sectors, small targets at close range may not be detected while 
larger targets at much greater ranges may be detected. 

Spoking appears on the PPI as a number of spokes or radial lines. Spoking is 
easily distinguished from interference effects because the lines are straight on all 
range-scale settings and are lines rather than a series of dots. 

The spokes may appear all around the PPI, or they may be confined to a sector. 
Should the spoking be confined to a narrow sector, the effect can be distinguished 
from a Ramark signal (art. 4207) of similar appearance through observation of the 
steady relative bearing of the spoke in a situation where the bearing of the Ramark 
signal should change. 

The appearance of spoking is indicative of need for equipment maintenance. 

The PPI display may appear as alternately normal and dark sectors. This 
sectoring phenomenon is usually due to the automatic frequency control being out 
of adjustment. 

The appearance of serrated range rings is indicative of need for equipment 
maintenance. 

After the radar set has been turned on, the display may not spread immediate- 
ly to the whole of the PPI because of static electricity inside the CRT. Usually, the 
static electricity effect, which produces a distorted PPI display, lasts no longer than 
a few minutes. 

Hour-glass effect appears as either a constriction or expansion of the display 
near the center of the PPI. The expansion effect is similar in appearance to the 
expanded center display. This effect, which can be caused by a nonlinear time base 
or the sweep not starting on the indicator at the same instant as the transmission 
of the pulse, is most apparent when in narrow rivers or close to shore. 

The echo from an overhead power cable appears on the PPI as a single echo 
always at right angles to the line of the cable. If this phenomenon is not recognized, 
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the echo can be wrongly identified as the echo from a ship on a steady bearing. 
Avoiding action results in the echo remaining on a constant bearing and moving to 
the same side of the channel as the ship altering course. This phenomenon is 
particularly apparent for the power cable spanning the Straits of Messina. 

4207. Aids to radar navigation.—Various aids to radar navigation have been 
developed to aid the navigator in identifying radar targets and for increasing the 
strength of the echoes received from objects which otherwise are poor radar targets. 

Buoys and small boats, particularly those boats constructed of wood, are poor 
radar targets. Weak fluctuating echoes received from these targets are easily lost in 
the sea clutter on the radarscope. To aid in the detection of these targets, radar 
reflectors, of the corner reflector type, may be used. The corner reflectors may be 
mounted on the tops of buoys, or the body of the buoy may be shaped as a corner 
reflector. 

Each corner reflector, shown in figure 4207a, consists of three mutually per- 
pendicular flat metal surfaces. A radar wave on striking any of the metal surfaces 
or plates will be reflected back in the direction of its source, i.e., the radar antenna. 
Maximum energy will be reflected back to the antenna if the axis of the radar 
beam makes equal angles with all the metal surfaces. Frequently, corner reflectors 
are assembled in clusters to insure receiving strong echoes at the antenna. 


Figure 4207a.—Corner reflectors. 


Although radar reflectors are used to obtain stronger echoes from radar tar- 
gets, other means are required for more positive identification of radar targets. 
Radar beacons are transmitters operating in the marine radar frequency band 
which produce distinctive indications on the radarscopes of ships within range of 
these beacons. There are two general classes of these beacons: racon which provides 
both bearing and range information to the target, and ramark which provides 
bearing information only. However, if the ramark installation is detected as an 
echo on the radarscope, the range will be available also. 

Racon is a radar transponder which emits a characteristic signal when trig- 
gered by a ship’s radar. The signal may be emitted on the same frequency as that of 
the triggering radar, in which case it is superimposed on the ship’s radar display 
automatically. The signal may be emitted on a separate frequency, in which case to 
receive the signal the ship’s radar receiver must be capable of being tuned to the 
beacon frequency or a special receiver must be used. In either case, the PPI will be 
blank except for the beacon signal. However, the only racons in service are “in 
band” beacons which transmit in one of the marine radar bands, usually only the 3- 
centimeter band. 
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The racon signal appears on the PPI as a radial line originating at a point just 
beyond the position of the radar beacon or as a Morse code signal (fig. 4207b) 
displayed radially from just beyond the beacon. 

Ramark is a radar beacon which transmits either continuously or at intervals. 
The latter method of transmission is used so that the PPI can be inspected without 
any clutter introduced by the ramark signal on the scope. The ramark signal as it 
appears on the PPI is a radial line from the center. The radial line may be a 


continuous narrow line, a broken line (fig. 4207c), a series of dots, or a series of dots 
and dashes. 


ee 
nf, e 
i XO 
“uf 
Zipae 
2, 
Zz ©» 
47 P 
Sj 
Sages 
= i Be 
o = S 
oO _= /// = © 
NWS Zo 
ois z 
—— SW) 
= SRS) 
a= Sa 
ou =o 
N = =o 
re 2 
Sys xe 
O, %z Sw 
eSaues Sy 
Le OSES 
On %Y, Sea? 
i uy, ~ 9 
OS Ni, wr og’ 
5 O LY, ws . 
Wy RT 
2 O Lynn mayen” ‘ \ pe 
Oe | 1 0? 


C6t ost of 


Figure 4207b.—Coded racon signal. 


4208. Radar navigation.—Radar provides a means of establishing position, or 
keeping a vessel in safe water during periods of reduced visibility, or at consider- 
able distance from shore, when other methods may not be available. Since both 
range and bearing can be obtained, a single identifiable object is needed. However, 
if a visual bearing is available, it should be more reliable than one obtained by 
radar. Since radar range is usually more accurate than radar bearing, a fix by two 
or more ranges is generally preferable to one obtained by two bearings or by range 
and bearing. However, accurate range requires reliable identification of the part of 
the target returning the echo. This is not always apparent when natural objects are 
used. 

In addition to the usual methods of piloting, radar is adapted to several meth- 
ods of somewhat limited application. If a single prominent target is available in an 
operating area, a series of concentric circles and radial lines can be drawn on the 
chart and suitably labeled. If bearing and distance are measured frequently, an 
almost continuous fix can be obtained by spotting in the positions by eye. If a polar 
plot is made on a piece of transparent material to the same scale as the chart, the 
ranges and bearings of a number of points can be plotted in quick succession, and 
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Ficure 4207c.—Ramark signal appearing as a broken radial line. 


the transparent material fitted to the chart by trial and error. The center of the 
plot is then the position of the radar. 

In that the navigator of a radar-equipped vessel always must be prepared to use 
radar as his primary means of navigation in pilot waters, during the planning for a 
transit of these waters it behooves him to study the navigational situation with 
respect to any special techniques which can be employed to enhance the use of 
radar. The effectiveness of such techniques usually is dependent upon adequate 
preparation for their use, including special constructions on the chart or the prepa- 
ration of transparent chart overlays. 

The correlation of the chart and the PPI display during a transit of confined 
waters frequently can be aided through the use of a transparent chart overlay on 
which properly scaled concentric circles are inscribed as a means of simulating the 
fixed range rings on the PPI. By placing the center of the concentric circles at 
appropriate positions on the chart, the navigator is able to determine by rapid 
inspection, and with close approximation, just where the pips of certain charted 
features should appear with respect to the fixed range rings on the PPI when the 
vessel is at those positions. This technique compensates for the difficulty imposed 
by viewing the PPI at one scale and the chart at another scale. Through study of 
the positions of various charted features with respect to the simulated fixed range 
rings on the transparency as the center of the simulated rings is moved along the 
intended track, certain possibilities for unique observations may be revealed. 

By placing the center of the properly scaled simulated range ring transparency 
over the observer’s most probable position on the chart, the identification of echoes 
is aided. The positions of the range rings relative to the more conspicuous objects 
aid in establishing the most probable position. With better positioning of the center 
of the simulated rings, more reliable identification is obtained. 

By placing the simulated range ring transparency over the chart so that the 
simulated rings have the same relationship to charted objects as the actual range 
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rings have to the corresponding echoes, the observer’s position is found at the 
center of the simulated range rings. Under some conditions, there may not be 
enough suitable objects and corresponding echoes to correlate with the range rings 
to obtain the desired accuracy. 

This method of fixing should be particularly useful aboard small craft with 
limited navigational personnel, equipment, and plotting facilities. It should serve to 
overcome difficulties associated with unstabilized displays and lack of a variable 
range marker. 

Preferably, radar fixes obtained through measuring the range and bearing to a 
single object should be limited to small, isolated fixed objects which can be identi- 
fied with reasonable certainty. In many situations, this may be the only reliable 
method which can be employed. If possible, the fix should be based upon a radar 
range and visual gyro bearing because radar bearings are less accurate than visual 
gyro bearings. A primary advantage of the method is the rapidity with which a fix 
can be obtained. A disadvantage is that the fix is based upon only two intersecting 
lines of position, a bearing line and a range arc, obtained from observations of the 
same object. Identification mistakes can lead to disaster. If the fix is based upon a 
floating aid, it should be treated with considerable caution. 

Generally, fixes obtained from radar bearings are less accurate than those 
obtained from intersecting range arcs. The accuracy of fixing by this method is 
greater when the center bearings of small, isolated, radar-conspicuous objects can 
be observed. The rapidity of the method affords a means for initially determining 
an approximate position for subsequent use in more reliable identification of objects 
for fixing by means of two or more ranges. 

Fixing by tangent bearings is one of the least accurate methods. The use of 
tangent bearings with a range measurement can provide a fix of reasonably good 
accuracy. As illustrated in figure 4208a, the tangent bearing lines intersect at a 
range from the island observed less than the range as measured because of beam 
width distortion. Right tangent bearings should be decreased by an estimate of half 
the horizontal beam width. Left tangent bearings should be increased by the same 
amount. The fix is taken as that point on the range arc midway between the 
bearing lines. 


FIGuRE 4208a.—Fixing by tangent bearings and radar range. 


It is frequently quite difficult to correlate the left and right extremities of the 
island as charted with the island image on the PPI. Therefore, even with compensa- 
tion for half of the beam width, the bearing lines usually will not intersect at the 
range arc. 

In many situations, the more accurate radar fixes are determined from nearly 
simultaneous measurements of the ranges to two or more fixed objects. Preferably, 
at least three ranges should be used for the fix. The number of ranges which it is 
feasible to use in a particular situation is dependent upon the time required for 
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identification and range measurements. In many situations, the use of more than 
three range arcs for the fix may introduce excessive time lag. 

If the most rapidly changing range is measured first, the plot will indicate less 
progress along the intended track than if it were measured last. Thus, less lag in 
the radar plot from the vessel’s actual position is obtained through measuring the 
most rapidly changing range last. 

Similar to a visual cross-bearing fix, the accuracy of the radar fix is dependent 
upon the angles of cut of the intersecting lines of position (range arcs). For greater 
accuracy, the objects selected should provide range arcs with angles of cut as close 
to 90° as is possible. In cases where two identifiable objects lie in opposite or nearly 
opposite directions, their range arcs, even though they may intersect at a small 
angle of cut or may not actually intersect, in combination with another range arc 
intersecting them at an angle approaching 90°, may provide a fix of high accuracy 
(fig. 4208b). The near tangency of the two range arcs indicates accurate measure- 
ments and good reliability of the fix with respect to the distance off the land to port 
and starboard. 

Small, isolated, radar-conspicuous fixed objects afford the most reliable and 
accurate means for radar fixing when they are so situated that their associated 
range arcs intersect at angles approaching 90”. 

Figure 4208c shows a fix obtained by measuring the ranges to three radar- 
conspicuous objects well situated. The fix is based solely upon range measurements 
because radar ranges are more accurate than radar bearings even when small 
objects are observed. Note that in this rather ideal situation, a point fix was not 
obtained. Due to inherent radar errors, any point fix should be treated as an 
accident dependent upon plotting errors, the scale of the chart, etc. 


Figure 4208b.—Fixing by range arcs. 


Although observed radar bearings were not used in establishing the fix as such, 
the bearings were useful in the identification of the radar-conspicuous objects. 
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Figure 4208c.—Fix by small, isolated radar-conspicuous objects. 


As the ship travels along its track, the three radar-conspicuous objects still 
afford good fixing capability until such time as the angles of cut of the range arcs 
have degraded appreciably. At such time, other radar-conspicuous objects should be 
selected to provide better angles of cut. Preferably, the first new object should be 
selected and observed before the angles of cut have degraded appreciably. Incorpo- 
rating the range arc of the new object with range arcs of objects which have 
provided reliable fixes affords more positive identification of the new object. 

While fixing by means of intersecting range arcs, the usual case is that two or 
more small, isolated, and conspicuous objects, which are well situated to provide 
good angles of cut, are not available. The navigator must exercise considerable skill 
in radarscope interpretation to estimate which charted features are actually dis- 
played. If initially there are no well defined features displayed and there is consid- 
erable uncertainty as to the vessel’s position, the navigator may observe the radar 
bearings of features tentatively identified as a step towards their more positive 
identification. If the cross-bearing fix does indicate that the features have been 
identified with some degree of accuracy, the estimate of the vessel’s position ob- 
tained from the cross-bearing fix can be used as an aid in subsequent interpretation 
of the radar display. With better knowledge of the ship’s position, the factors 
affecting the distortion of the radar display can be used more intelligently in the 
course of more accurate interpretation of the radar display. 

Frequently there is at least one object available which, if correctly identified, 
can enable fixing by the range and bearing of a single object method. A fix so 
obtained can be used as an aid in radarscope interpretation for fixing by two or 
more intersecting range arcs. 

The difficulties which may be encountered in radarscope interpretation during 
a transit may be so great that accurate fixing by means of range arcs is not 
obtainable. In such circumstances, range arcs having some degree of accuracy can 
be used to aid in the identification of objects used with the range and bearing 


method. 
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With correct identification of the object observed, the accuracy of the fix 
obtained by the range and bearing to single object method usually can be improved 
through the use of a visual gyro bearing instead of the radar bearing. Particularly 
during perieds of low visibility, the navigator should be alert for visual bearings of 
opportunity. 

Although the best method or combination of methods for a particular situation 
must be left to the good judgment of the experienced navigator, factors affecting 
method selection include: 

1. The general need for redundancy—but not to such extent that too much is 
attempted with too little aid or means in too little time. 

2. The characteristics of the radar set. 

3. Individual skills. 

4. The navigational situation, including the shipping situation. 

5. The difficulties associated with radarscope interpretation. 

6. Angles of cut of the lines of position. 

Beam compasses (art. 602) shown in figure 4208d can be a very valuable radar 
navigation tool. If the navigator does not have such tool readily available, he may 
find himself in a situation where his only observations are radar ranges, but he 
cannot strike the range arcs to fix his position because of the limited spread of the 
points of his compasses. 


Figure 4208d.—Beam compasses. 


CHAPTER XLII 


RADIONAVIGATION SYSTEMS 


General 


4301. Introduction.—Radionavigation systems are characterized with respect to 
their transmissions by the radiofrequency of the carrier wave, the power, and the 
signal type. These systems are also characterized by how the signals are analyzed 
upon reception, the nature of the lines of position they supply, their range or area 
of coverage, their availability to the user, their passivity, and their accuracy. 

As discussed in article 4014, the frequency and power of the radio wave trans- 
mission are among the factors determining the effective range of a system. Howev- 
er, very low frequency (VLF) signals travel very long distances with relatively small 
amounts of power radiated. Although low frequency (LF) transmissions generally 
show greater attenuation with distance than VLF signals, the 100 kHz Loran-C 
(art. 43829) transmissions in particular, provide reliable groundwave reception at 
distances of about 800 to 1,200 nautical miles. The Decca Navigator System (art. 
4344), also operating in the LF band at 70 to 180 kHz but at considerably less power 
than Loran-C, provides reliable groundwave reception at distances of more than 
400 nautical miles during daylight under good reception conditions. At night this 
reception may be reduced significantly by skywave contamination of the ground- 
wave. The very high frequency (VHF) transmission, as from navigational satellites 
(ch. XLIV), and the super high frequency (SHF) transmissions, as from navigational 
radar (ch. XLID), are limited to the line-of-sight. 

The signal type affects how signals are analyzed upon reception. In general, the 
receivers of pulse modulated systems determine time intervals; the receivers of 
continuous wave (CW) systems compare phases. From the point of view of reception, 
these systems are designated as time difference measuring systems and phase 
comparison systems. This distinction is made despite the fact that both systems 
detect time intervals. The phase comparison consists in fact in determining the 
time shift of one wave with respect to another, taking as a unit of time the inverse 
of the frequency. 

Using Loran-C as a specific example, however, the pulse type signal is proc- 
essed in the receiver by both time difference and phase comparison methods. 

The difference in the ranges of reliable reception of Loran-C and Decca signals 
is also due to the pulse modulation of the Loran-C signal. Multiple pulse formats 
raise the average power and thus increase the range. Other advantages to be 
derived from pulse modulation include: 

1. freedom from lane ambiguities, 

2. means to discriminate between groundwaves and skywaves, 

3. suitable coding techniques can be used for groundwave and skywave discrimi- 
nation even if the skywave of an earlier pulse coincides with the groundwave of a 
later pulse, and 

4. the envelope of the pulse permits identification of a specific carrier wave 
cycle of a coherent radiofrequency signal for phase measurement purposes. 
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The use of continuous wave transmissions for wide area coverage from a single 
complex of stations results in two serious problems: (1) ambiguities in position 
determination, and (2) difficulties in discriminating against skywave contamination. 
Also, where high accuracy coverage of long coastlines and vast ocean areas is 
required, and where relatively few suitable sites for transmitting stations are 
available, continuous wave systems are generally unsatisfactory because of the 
limitations of the maximum permissible baseline lengths of the high accuracy 
continuous wave systems. 

According to the nature of the lines of position provided, radionavigation sys- 
tems may be described as hyperbolic, ranging, azimuthal, or composite. 

Radionavigation systems may be described as short range if their positioning 
capability is limited to coastal regions, or the maximum useful range is limited to 
making landfall. Examples are radar and the radio direction finder. The systems 
may be described as medium range if their positioning is generally limited to 
ranges permitting reliable positioning for about 1 day prior to making landfall; 
Decca is an example. 

Those radionavigation systems providing positioning capability on the high seas 
in areas well beyond the positioning capability of the medium range systems are 
described as long range systems. Examples of these systems are Loran-C and 
Omega. When the latter system is fully implemented, it may be described as a 
worldwide or global system. The Navy Navigation Satellite System is an example 
of the worldwide or global system. The worldwide or global system provides posi- 
tioning capability wherever the observer may be located on navigable waters. 

The maximum range of a radionavigation system depends upon the frequency, 
transmitter power, signal-to-noise ratio in the service area, receiver sensitivity, and 
losses over the signal path. The signal-to-noise ratio, often expressed in decibels 
(app. D), is a more realistic indicator of range capability than the field intensity of 
the groundwave. 

Radionavigation systems may also be classified with respect to availability. 
Loran-C may be described as a continuous system because the user within the 
effective range of the system can use it at any time to determine his position. 
Omega signals as transmitted in the 10-second commutation pattern (tab. 4312) may 
be considered as continuously available. Therefore, for practical purposes position- 
ing can be effected continuously. When using the N avy Navigation Satellite System 
(ch. XLIV) near the equator, the time between fixes may be well in excess of 1 hour 
because one of the satellites in near polar orbit is not available for observations. 
Therefore, the Navy Navigation Satellite is an example of a system that is not 
continuous. 

Those systems whose operation does not require the user to transmit signals 
and can be used simultaneously by an unlimited number of users are described as 
nonsaturable. Saturable systems are limited to a single user or a limited number of 
users on a time-shared basis. 

Systems whose operation does not require the user to transmit a signal may be 
described as passive. 

Due to varying accuracy requirements among users, accuracy (app. Q) classifi- 
cations, such as high, medium, and low, have limited value. In this chapter Loran-C 
is described as a system of high accuracy when the groundwave is used; except for 
differential Omega (art. 4321), Omega is described as a system of medium accuracy; _ 
Consol is described as a system of low accuracy. 
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4302. Distance-difference measurement.—If synchronized signals from two sta- 
tions are transmitted, the difference in distance from the stations can be measured, 
either by means of the elapsed time interval between the arrival of the two signals, 
or by measurement of the phase difference between the signals. 

Refer to figure 4302. Let M and S be two stations. Synchronization is achieved 
by letting the signals of M, the master, control those of S, the slave or secondary. 
Circles M1, M2, M3, etc., are units of distance from M; and circles S1, S2, S3, etc., 
are units of distance from S. If both signals are transmitted at the same instant, 
they will arrive together at any point along a line equidistant from the two 
stations. This centerline is the perpendicular bisector of the baseline joining the 
two stations. On a sphere, both centerline and baseline are great circles. 

The centerline is the zero time difference line. If the M signal arrives at some 
point before the S signal, the time difference can be found by subtracting the M 
signal travel time (or distance) from the S signal travel time (or distance). If a line 
is drawn through all intersections at which units of distance from S are greater by 
one than those from M (S8, M7; S7, M6; S6, M5; etc.), a curve is formed, as shown at 
“141” in figure 4302. A similar curve labeled ‘‘—1” is formed if all points at which 
units of distance from S are less by one than those from M (M8, S7; M7, S6; etc.) are 
connected. The minus sign indicates that the M signal arrives (—)1 time unit before 
the S signal, or S—M=(—)1. On a plane surface, such curves are hyperbolas (art 
134, vol. II) because they connect points of equal difference of distance between two 
fixed points. On a sphere, such curves are called spherical hyperbolas. On the 
spheroidal earth the curves are called spheroidal hyperbolas and differ somewhat 
from spherical hyperbolas. 

Other, more sharply curving hyperbolas are formed by connecting lines of 
greater time (distance) difference, as at (+)2, (—)2, (+)3, (—)3, etc. The maximum 
difference occurs along the baseline extensions beyond the transmitters. This differ- 
ence depends upon the distance between stations. A pattern of all positive readings 
can be obtained by delaying the start of the S signal until the M signal is received 
at S, or longer. Suppose the S signal is transmitted 10 units after the M signal. The 
M signal for a baseline six units long will already have traveled four units beyond S 
when the S signal leaves the transmitter. Therefore, the reading along the baseline 
extension from S is (+)4, or 10 more than shown in figure 4302. By the time the S 
signal arrives at the master transmitter, the M signal will be at 10 (the delay) plus 
6 (the number of units between M and S) units, or 16 units away. Therefore, the 
reading along the baseline extension beyond M is 10+6=(+)16. Similarly it can be 
shown that all other readings are also increased by (+)10. 

Each hyperbola is a line of position for the associated distance-difference meas- 
urement. Intersecting families of hyperbolas, as derived from three or more sta- 
tions, is known as a hyperbolic lattice. 


Hyperbolic Radionavigation Systems 


4303. Hyperbolic radionavigation systems are so called because of the hyper- 
bolic lattices (art. 4302) formed in their signal fields and the associated hyperbolic 
lines of position supplied. With appropriate modifications hyperbolic systems can be 
operated in the circular or ranging mode with circular lines of position. 

Hyperbolic systems provide the greatest potential capability to date for cover- 
age of large areas with the smallest number of transmitting sites, and the best 
compromise between accuracy and coverage. Also, the hyperbolic mode of operation 
enables simpler receiver design because time differences can be measured with 
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designed to meet different requirements at reasonable cost. The systems are contin- 
uous, non-saturable, and passive (art. 4301). 

The disadvantage of a hyperbolic system in needing two stations to provide a 
single family of hyperbolas (figure 4303) can be partly overcome by using a group or 
feat} of stations that operates to form a lattice of intersecting families of hyperbo- 
as. 


Master Slave 


Figure 4303.—A family of hyperbolas. Each hyperbola is a line of position 
for the associated time-difference measurement. 


The accuracy (app. Q) of the fix provided by a hyperbolic radionavigation 
system is dependent upon the accuracy of each line of position used to obtain the 
fix and the angle of cut of the lines of position. The accuracy of each line of position 
depends upon the following factors: 

1. the precision with which the difference between the times of arrival of two. 
signals can be measured; 

2. the synchronization of the transmitting stations; 

3. the accuracy of propagation predictions; 

4, operational or receiver accuracy; 

5. user’s position relative to the transmitting stations; and 

6. lattice table and charting accuracies, including the accuracies of the positions 
of the transmitting stations. 

Since the velocity of propagation of radio energy is approximately 1 foot per 
nanosecond, for accuracies on the order of tens or hundreds of feet, measurements 
must be made to tens or hundreds of nanoseconds. If the time differences are to be 
converted to lines of position accurately, propagation conditions must be reliably 
predictable to tens or hundreds of nanoseconds. Receiver accuracy is dependent 
upon signal-to-noise ratio, operator skill, and instrumentation. The user’s position 
relative to the transmitting stations governs the gradient or spacing between con- 
secutive lines of position per unit time difference, as 1 microsecond. If the gradient 
is high a relatively small time-difference error will result in a relatively high 
position error. Lines are most closely spaced, giving highest accuracy, along the 
baseline between stations. As the distance between consecutive lines increases, the 
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accuracy decreases, being so low along the baseline extensions that the use of this 
part of the lattice is normally avoided. 

The undesirable divergence of the hyperbolic lines of position varies with the 
length of the baseline. However, each hyperbola becomes more nearly a straight 
line (great circle) as distance from the baseline increases. At a distance from the 
center of the baseline of five times the length of the baseline, the departure of the 
hyperbola from a great circle becomes very small. Thus, if the baseline is very 
short, as in Consol (art. 4354), the system can be considered directional (azimuthal) 
beyond a distance of a few miles from the station. 

The use of time-difference measurements to establish lines of position serves to 
minimize the effects on position accuracy of errors caused by propagation anoma- 
lies. 

4304. The ranging mode, often called the Range-Range or Rho-Rho mode, is 
that method of operation in which the times for the signals to travel from each 
transmitting station to the receiver are measured rather than their differences. 
Each time measurement (range measurement) provides a circular line of position. 

The feasibility of ranging mode is dependent upon a stable frequency source, 
propagation predictability, and a stable time reference within the receiver. The 
range to a station is calculated from the difference in the known time of transmis- 
sion and the measured time of arrival of the signal at the receiver. The user’s time 
reference must be initially synchronized to the time standard at the transmitting 
station. Since perfect synchronization is, in general, not feasible, calibration of the 
user’s time standard is required. 

While the gradient (art. 4303) in the hyperbolic mode degrades with increasing 
distance from the transmitting stations, the gradient in the ranging mode is a 
constant equal to the propagation velocity. Therefore, the ranging mode overcomes 
the geometric dilution associated with the hyperbolic mode at extended ranges. 
Thus, the ranging mode can be used to increase the coverage area. 

For a given service area and the associated transmitting station locations, the 
ranging mode may provide better system geometry, i.e. better angles of cut of the 
intersecting circles forming the lattice. Greater freedom in selecting stations for 
better system geometry is afforded by not having to use a master station, two 
intersecting lines of position being obtainable from two slave (secondary) stations. 
The ranging mode of operation can be used to extend the coverage area since the 
user must be within range of only two transmitting stations. Also the coverage area 
is extended by overcoming the geometric dilution of the hyperbolic mode. 

When three stations can be received, the ranging mode is enhanced by redun- 
dant information since only two stations are needed. This redundancy serves to 
increase fix accuracy. With these circular lines of position, the fix determined by 
the intersection of one pair will, in general, be inconsistent with a fix determined 
by the intersection of a second pair. Since the inconsistency will be due to errors in 
the system, including drift in the time standard, the third (redundant) measure- 
ment can be used to estimate the errors. If the estimate is correct the three lines of 
position will intersect at a common point. 


Omega Navigation System 


4305. The Omega Navigation System is a worldwide continuous radionavigation 
system of medium accuracy which provides hyperbolic lines of position through 
phase comparisons of VLF (10-14 kHz) continuous wave signals transmitted on a 
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common frequency on a time shared basis. The fully implemented system is com- 
prised of only eight transmitting stations. 

4306. Omega Navigation System principles.—The navigator using what may be 
described as a standard Omega receiver determines his position within a hyperbolic 
lattice formed by contours of constant phase differences in the signal field of the 
transmitting stations. If the design of the receiver includes a very stable oscillator, 
the navigator may employ a circular or ranging lattice to determine his position. 
However, this mode of operation requires that the local oscillator be synchronized, 
both in frequency and time, with the oscillator at the transmitting station. 

With the Omega receiver being used in the hyperbolic mode, the measured 
phase difference of phase synchronized and time shared signals received at a 
particular position from two stations transmitting on the same frequency depends 
solely upon how much farther the position is from one transmitting station than 
the other. The term phase synchronized indicates that the phases of all transmis- 
sions are maintained synchronized at their sources. This is accomplished through 
the use of cesium frequency standards. Phase synchronization between transmitter 
and receiver oscillator is not required in the hyperbolic mode of operation because 
the phase error is cancelled on taking the difference. The term “time shared” 
indicates that the signals from the stations are not transmitted simultaneously but 
sequentially in a 10-second commutation pattern (tab. 4312). Time sharing or se- 
quential transmission is necessary because of the use of the single frequency. 

Although the signals from the transmitting stations are actually transmitted 
sequentially in accordance with the commutation pattern, simultaneous transmis- 
sion can be used to explain the basic principles. Unless ionospheric characteristics 
change suddenly within the period of the sequence, the same phase-difference 
measurement can be obtained by a stationary observer, theoretically, whether the 
transmissions are simultaneous or sequential. When the observer is in motion, the 
use of sequential transmission for practical considerations, including station identi- 
fication and simplicity of receiver design, does introduce an error because the 
difference in phase between the local oscillator and one station will be measured at 
a position different from that at which the measurement is made between the local 
oscillator and the second station. However, at the relatively low speeds of marine 
applications this error is inconsequential. 

As shown in figure 4306, phase synchronized signals are considered as being 
transmitted from stations X and Y simultaneously. At the instant the phase of the 
signal transmitted from station Y is 180° at a point one-half wavelength (2A) from 
Y, the phase of the signal transmitted from station X is 180° at a point one-half 
wavelength from X. When the phase of the signal transmitted from station Y has 
increased to 360° (or returned to 0°) at a point one wavelength from station Y, the 
signal transmitted from station X will have increased to 360° (or returned to 0°) at 
a point one wavelength from station X at the same instant, etc. 

Theoretically, the phase of the signal received from each station can be com- 
pared with a locally generated reference signal, having the same wavelength and 
synchronized in phase with the phase of the signal being transmitted from each 
station. Each such comparison will indicate the fractional part of a wavelength in 
excess of an integral number of wavelengths that the receiver is distant from a 
station. 

In actual practice (sequential transmission), the receiver first measures the 
difference in phase between the locally generated signal and the phase of the signal 
received from that station of the pair the letter designation of which appears first 
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FiGuRE 4306.—Phase synchronized signals. 


in the alphabet. The difference, the phase angle, is stored for future reference. Then 
the receiver measures the difference in phase between the locally generated signal 
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and the phase of the signal received from the other station of the pair. This phase 
angle is subtracted from the phase angle previously obtained using the station the 
letter designation of which precedes that of the second station in the alphabet. This 
phase-difference measurement represents a difference in distance of the receiver 
from the two stations. Insofar as the observer is stationary, the storing of the first 
phase-angle measurement for future (within 10 seconds) comparison with the second 
measurement is comparable to a simultaneous transmission format. The same 
phase-difference measurement will be observed at all points which have the same 
difference in distance from the two transmitting stations. The locus of such points is 
a contour of constant phase (isophase contour) which is fixed on the surface of the 
earth with respect to the positions of the two transmitting stations. 

By repeating measurements for another pair of stations, a second isophase 
contour or line of position is obtained. The intersection of the lines of position 
establishes the position of the observer. 

4307. Omega lanes.—With the stations transmitting at 10.2 kHz, the wave- 
length is approximately 16 nautical miles. Thus, identical phase angles are repeated 
at 16-mile intervals. However, on the baseline between two transmitting stations a 
specific difference in the phase angles of the radio waves received from the two 
transmitting stations repeats itself every one-half wavelength or about every 8 
miles. 

As is obvious from inspection of figure 4307, isophase contours pass through all 
points which are an integral number of wavelengths distant from the two transmit- 
ting stations, X and Y. At points any integral number of wavelengths plus a half 
wavelength from the stations, the phase-difference is also zero. Thus, isophase 
contours pass through points on the baseline a half wavelength apart. 

Since a representative baseline in the Omega system is about 5,000 nautical 
miles in length, or about 300 wavelengths at 10.2 kHz, specific phase-angle differ- 
ences in the 10.2 kHz signal field are repeated about 600 times on the baseline. 
Hence, at 10.2 kHz there are about 600 points on the baseline at which the phase- 
angle differences are zero. 

Contours connecting points in the signal field at which the phase-angle differ- 
ences are zero are the constant phase or isophase contours plotted on Omega charts 
and tabulated in the Omega lattice tables. At 10.2 kHz each such contour is spaced 
at intervals of about 8 nautical miles on the baseline. Away from the baseline there 
is a small divergence of the hyperbolic contours. The exact spacing of the hyperbolic 
contours on the baseline as printed on a chart is governed by the value used for the 
phase velocity, v. For 10.2 kHz charted contours, c/v=0.9974, where c is the group 
velocity (299,792.5 km/sec). The group velocity, c, refers to the velocity at which the 
energy is being transferred. This cannot exceed relativistic limits. The phase veloci- 
ty, v, refers to the transfer of a point of reference, a phase difference, rather than a 
physical quantity and, therefore, is not subject to relativistic velocity limitations. 

The area lying between two zero phase-difference contours is known as an 
Omega lane. Thus, on the baseline between two stations transmitting at 10.2 kHz 
the lane width is about 8 nautical miles. Each such pair of stations transmitting at 
10.2 kHz produces a pattern of about 600 lanes. Away from the baseline the lane 
width for 10.2 kHz transmissions increases gradually. When the two transmitting 
stations and the receiver form an equilateral triangle (the receiver being 4,300 
nautical miles from the baseline), the lane width will have increased to about 12 


nautical miles. 
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Figure 4307.—Isophase contours. 


In the ranging mode of operation, the lane is the area lying between two zero 
phase-difference contours within which there is a 360° change in phase of the CW 
wave received from a single transmitting station as the receiver is moved from one 
isophase contour to the other. Thus, in the ranging mode, lane width at 10.2 kHz is 
constant at about 16 nautical miles. 

4308. Omega line of position.—In the normal hyperbolic mode, the phase- 
difference readout from the receiver (with the propagation correction applied) only 
indicates the isophase contour (LOP) corresponding to the observer’s position within 
a lane. When the stations are transmitting at 10.2 kHz, the observer must know the 
lane in which he is located or his position within an accuracy of 4 miles, if on the 
baseline. 

The difference in phase angle measurements for a pair of stations (with the 
propagation correction applied) establishes the percentage value of the lane defin- 
ing the LOP. For example, the phase angle for station A of figure 4308 is 25 percent 
of a cycle (25 centicycles or 25 cecs) and the phase angle for station B is 75 percent — 
of a cycle (75 centicycles or 75 cecs). The difference, 50 percent of a cycle or 50 cecs, 
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is numerically equal to the percentage value of the lane defining the LOP. That is, 
the LOP is defined by 50 percent of the lane or 50 centilanes (50 cels). 
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FIGURE 4308.—Omega line of position. 


4309. Lane identification.—Normally, the lane counter of the receiver, which is 
set on departure from a known position, provides the lane. If the lane counting 
capability of the equipment is lost for any reason, such as temporary equipment 
failure, the navigator usually can determine the lane he is in by dead reckoning or 
other navigational means. 

Should there be any ambiguity with respect to the lane, the multiple Omega 
frequencies can be used to determine the lane by obtaining fixes on two or more 
pairs of stations if the user has a multi-channel receiver. Any two stations can be 
used as a pair rather than a particular master and slave as in the Loran concept. 

If one of the Omega frequencies were 3.4 kHz, the wavelength would be 48 
nautical miles; the lane width on the baseline would be 24 nautical miles or three 
times the lane width at 10.2 kHz. The difference between the 13.6 kHz and 10.2 kHz 
Omega frequencies is 3.4 kHz. By observing the difference in the phase-difference 
readings at 10.2 kHz and 138.6 kHz, it is possible to form a coarse lane corresponding 
to a frequency of 3.4 kHz, neglecting the slight difference in propagational velocities 
at 10.2 kHz and 13.6 kHz. With the coarse lane so formed, the navigator now need 
only to know his position with an accuracy of 12 miles to identify the coarse lane 
without ambiguity. Since the 3.4 kHz coarse lane is formed by three 10.2 kHz fine 
lanes as shown in figure 4309, the correct fine lane can be identified by means of 
the equivalent of the phase-difference reading for 3.4 kHz. The equivalent phase 
reading is obtained by subtracting the 10.2 kHz phase reading from the 13.6 kHz 
phase reading and then applying a 3.4 kHz correction. The use of this technique is 
dependent upon the availability of a multi-channel receiver and propagation correc- 
tions for 10.2 kHz and 3.4 kHz. With the correct 10.2 kHz lane so identified without 
ambiguity, it is then possible to determine a more exact line of position within the 
fine lane by means of a phase reading at 10.2 kHz. 

4310. Identification of coarse lane.—Since the equivalent of the 3.4 kHz coarse 
lane is formed by three 10.2 kHz fine lanes, the first step is to inspect the 10.2 kHz 
isophase contours on the chart to determine which lane numbers are multiples of 
three, or which numbers on the contours can be divided exactly by three. Having 
identified the coarse lane or lanes in which the observer might be located, the next 
step is to apply the equivalent of the phase-difference reading for 3.4 kHz. If the 
correct coarse lane has been selected, the isophase contour (LOP) as plotted within 
the coarse lane will lie within 12 miles of the DR position, assuming that such 
position is not in error by more than 12 miles. The LOP will establish in which of 
the three fine lanes the observer is located. If the LOP as plotted within the coarse 
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Figure 4309.—The coarse lane. 


lane does not lie within 12 miles of the DR position, an adjacent coarse lane should 
be selected for use in identification of the fine 10.2 kHz lane. 

The lane resolution process can be extended further by using even lower 
difference frequencies. By taking the difference of 11.333 kHz and 10.2 kHz Omega 
frequencies to obtain a difference frequency of 1.183 kHz, a coarse lane having a 
width of 72 nautical miles on the baseline can be used. 

4311. Station locations and coverage.—The Omega stations, their letter desig- 
nators, and approximate locations are given in figure 4311. The Omega coverage 
diagram, not shown here but generally similar to the Loran-C coverage diagram 
(fig. 4340), provides the repeatable accuracy for different regions expressed in terms 
of dims (arts. Q7 and Q8). The accuracy is determined using a standard deviation of 
4 centilanes for each of the two lines of position making up the fix. 

4312. Characteristics of the Omega transmission.—Omega is a VLF, continu- 
ous wave, time shared radionavigation system with all stations transmitting at the 
same frequencies. The stations always transmit in the same order, with the length 
of each transmission varying between 0.9, 1.0, 1.1, and 1.2 seconds from station to 
station. The order and lengths of the station transmissions at 10.2 kHz, in accord- 
ance with the Omega station identification code, are contained in table 4312. 


Station A B (G D E F G H 
‘Length of transmission in secondS............:.cccccseseseeees OES 0 ee I yo I pi a? Bear pop bi 


TABLE 4312.—Omega commutation pattern. 


4313. Signal format.—As shown in figure 4313, the order of transmission is 
such that when station A transmits at 10.2 kHz, stations G and H transmit at 11.33 
kHz and 13.6 kHz, respectively, for the same time duration that station A transmits 
at 10.2 kHz. When station B transmits at 10.2 kHz, stations A and H transmit at 
13.6 kHz and 11.33 kHz, respectively, for the same time duration that station B 
transmits at 10.2 kHz, and so on until the whole sequence of transmissions has been 
completed. Since there is a time interval of 0.2 second between transmissions, the 
entire cycle of the commutation pattern is repeated every 10 seconds. The start of 

#®one of the segments of the 10-second cycle is sufficiently close to Coordinated 
Universal Time (art. 1805) to permit station identification while listening to UTC. 

The 0.2-second interval between transmissions rules out the possibility of over- 
lapping of the signals received from different stations. The 0.2-second interval 
between transmissions also eases the requirement for perfect alignment of the 


Letter 
Designation 


nn 


Station 
Name 


OMEGA Norway 


OMEGA Liberia 
OMEGA Hawaii 
OMEGA North Dakota 
OMEGA Reunion 


OMEGA Argentina 


OMEGA Australia 
OMEGA Japan 


Figure 4311.—Omega station locations. 
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Approximate Location 


General 


Norwegian Coast at 
Arctic Circle 
Monrovia, Liberia 
Qahu, Hawaii 
La. Moure, North Dakota 
Reunion Island, 
France 
Golfo Nuevo, Argentina 


Victoria, Australia 
Tsushima, Japan 


Latitude 


66°N 


6°N 
21°N 
46°N 
21°S 


43°S 
38°S 
35°N 


1023 


Longitude 
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Figure 4313.—Signal format. 


receiver commutator. A 0.1-second error in setting the commutator cycle has negli- 
gible effect. 

4314. Identification of the Omega signal.—Depending upon the observer’s dis- 
tance from the various transmitters, the Omega signals are of differing amplitude 
or strength. The relative strengths of the signals received and the time sequence of 
transmission can be used to identify the Omega signal. 

By the signal strength method of identification, the various stations can be 
recognized either by the relative sound levels or by the heights of the signals on an 
oscilloscope. In identifying the stations aurally, the signals from the nearer stations 
will sound relatively loud, whereas the signals from the more distant stations will 
be relatively weak, or they may not be heard. On an oscilloscope display, the 
amplitudes of the signals from the nearer stations will be relatively large whereas 
the amplitudes of the signals from the more distant stations will be relatively 
small, or the signals may not be seen. It should be kept in mind, however, these 
methods depend upon observing or listening to the entire signal format. The trans- 
mission from any single transmitter can be distorted by propagation effects, and 
unless all the signals are taken into consideration, an erroneous lane count can be 
established. Also, “long path” signals, or signals which travel the longer of the two 
possible great-circle paths from the transmitter, degrade this technique. 

Each of the eight transmissions during the 10-second period of transmitting the 
complete sequence of signals is called a time segment. The first transmission in the 
sequence is segment A, the second is segment B, etc. (the time segment designation 
should not be confused with the station designations). A particular station can be 
identified by observing the relative time of its transmissions in the segment se- 
quence. The 13.6 kHz transmission from station B occurs during time segment C, 
the 13.6 kHz transmission from station C occurs during time segment D (the 
commutation cycle in the receiver must be synchronized so that this condition 
occurs). By reference to standard time transmissions (WWV, WWVH, etc.), the start 
of the sequence of transmissions can be determined. Through identification of the- 
various time segments, the various stations can be identified. 
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Some Omega receivers are designed for automatically adjusting the receiver’s 
internal timing circuits to agree with the Omega transmission pattern. 

4315. Characteristics of Omega propagation.—The propagation of very low 
frequency (VLF) electromagnetic waves in the region between the lower portion of 
the ionosphere and the surface of the earth may be described in much the same 
manner as the propagation of higher frequency waves in conventional waveguides. 
The basic quantities in the description are certain electromagnetic waves that 
satisfy (1) the conditions on the electric and magnetic fields at the material bound- 
aries, i.e., the earth’s surface and the lower ionosphere; and (2) the equations for 
propagating waves everywhere within the region between these boundaries. These 
waves can be described by “the natural modes of propagation,” or simply “modes.” 
The behavior of the VLF wave may be discussed in terms of the modes. 

There are three parameters that indicate how a mode will propagate in the 
earth-ionosphere waveguide: its attenuation rate, excitation factor, and phase veloc- 
ity. The first and second parameters are measures of the energy lost by the mode 
per unit length and how strongly the source generates the mode in comparison to 
other modes, respectively; the third parameter is the mode’s velocity of propagation 
(phase velocity). The modes are usually ordered by increasing attenuation rates, so 
that normally mode 1 has the lowest rate. For frequencies in the 10-14 kHz band, 
the attenuation rates for the second and higher modes are so large that only the 
first mode is of any practical importance at very long distances. However, since 
mode 2 is more strongly excited than mode 1 by the type of transmitters used in the 
Omega system, both modes must be considered at intermediate distances. In the 
near field region of a transmitter, other higher-order modes may have to be taken 
into account. 

Another consideration of some importance is the fact that the modes have 
different phase velocities. In particular, mode 2 has a higher phase velocity than 
mode 1. Thus, as these modes propagate outward from the transmitter, they move 
in and out of phase with one another, so that the strength of the vertical electric 
field of the signal displays “dips” or ‘‘nulls” at several points on a radial from the 
transmitter. These nulls gradually disappear, however, as mode 2 attenuates, so 
that the strength behaves in a smooth and regular manner at long distances (where 
mode 1 dominates). However, within about 450 nautical miles of a transmitter the 
modal interference is such that the use of Omega is not generally reliable. 

Since the degree of modal interference is also dependent upon factors other 
than proximity to the transmitter, e.g. path geomagnetic latitude and bearing, the 
minimum distance for reliable use is variable. For applications sensitive to spatial 
irregularities, such as lane resolution, separations greater than 450 miles may be 
required. Lesser separations may be adequate for daylight path propagation at 10.2 
kHz. As a warning, the Omega LOPs depicted on charts are dashed within 450 
nautical miles of a station. 

Since the characteristics of the Omega signal are largely determined by the 
electromagnetic properties of the lower ionosphere and the surface of the earth, any 
change in these properties along a propagation path will generally affect the 
behavior of these signals. Of course, the changes will not all produce the same 
effect. Some will lead to small effects due to a relatively insensitive relationship 
between the signal characteristics and the corresponding properties. For Omega 
signals, one of the most important properties in this category is the effective height 
of the ionosphere. This height is about 90 kilometers (km) at night, but decreases 
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quite rapidly to about 70 km soon after sunrise due to the ionization produced by 
solar radiation. As expected, it increases again after sunset. 

The phase velocity of mode 1 is critically dependent on this height, increasing 
as the height decreases or vice versa. Since the phase of the Omega signal at long 
distances is inversely proportional to this velocity, it will readily increase or de- 
crease in step with the effective height. In other words, the phase will be advanced 
or retarded as the effective height changes. One therefore expects regular diurnal 
changes in the phase from day to day, and studies have shown that this is indeed 
the case, although the exact shape and magnitude of this diurnal variation depends 
on several factors, including the geographic position of the receiver and transmitter 
and the orientation of the path relative to the boundary between the day and night 
hemispheres. 

In general, however, if an initially all-night path is partially illuminated by the 
sun, starting at the transmitter, the phase will decrease, i.e. be advanced, from the 
night value to the nominal day value; while the opposite change will take place on 
an all-day path that moves into the night hemisphere starting at the transmitter. 
Moreover, the transition from night to day values of phase, or vice versa, will be 
relatively long for east-west paths, and will become shorter as the propagation path 
approaches a north-south orientation. Clearly, these changes will have an important 
effect on uncompensated LOPs. Since one wavelength is the distance covered by a 
wave (traveling with a given phase velocity) in one period, the LOPs constructed 
from the measured phase-difference will be squeezed together in going from all day 
to all night conditions over the propagation path, and stretched out for night to day 
transitions, relative to the charted LOPs. 

Finally, while the diurnal variation in phase represents the major time-varia- 
tion in the characteristics of the Omega signal at long distances, the presence of a 
boundary between the day and night hemispheres may produce an additional 
variation that arises in the following manner. In the night hemisphere, both mode 1 
and mode 2 are usually present. In the day hemisphere, however, only mode 1 is 
usually present. Hence, as the signal passes from the night to the day hemisphere, 
mode 2 will be converted into the daytime mode 1 at the day-night boundary. This 
resultant mode 1 may then interfere with the nighttime mode 1 that passes un- 
changed into the day hemisphere. Thus, some additional variation in the character- 
istics may be present due to such interference. 

4316. Geophysical parameters.—Effects less pronounced than those associated 
with diurnal phase shift are produced by various geophysical parameters including: 

ground conductivity. Very high attenuation is incurred with propagation over 
freshwater ice caps. 

earth’s magnetic field. Propagation towards magnetic west is attenuated more 
than propagation towards magnetic east. 

solar activity. See Sudden Ionospheric Disturbances (art. 4317) and Polar Cap 
Absorption (art. 4318). 

latitude. The height of the ionosphere varies with latitude, being slightly 
higher over the higher latitudes than over the lower latitudes during the summer. 

solar zenith angle. The height of the ionosphere varies with the solar zenith 
angle. For example, the ionosphere is higher in the summer than in the winter of 
the Northern Hemisphere. 

4317. Sudden Ionospheric Disturbances (SIDs) occur when there is a very 
sudden and large increase in X-ray flux emitted from the sun, usually during a 
solar flare. SIDs also occur during flares called “X-ray flares” that produce large X- 


RADIONAVIGATION SYSTEMS 1027 


ray flux, but which have no components in the visible light spectrum. The effect, 
which is restricted to sunlit propagation paths, causes a phase advance and is 
known as a sudden phase anomaly (SPA). The SID effects are related to the solar 
zenith angle, and consequently, occur mostly in lower latitude regions. Usually 
there is a fast advance over a period of 5 to 10 minutes followed by a recovery over 
a period of about 30 to 60 minutes. Significant SIDs could cause position errors of 
about 2 to 3 miles. 

4318. The polar cap disturbance (PCD) is an ionospheric disturbance which is 
in no way dependent on the ice cap in the polar region. It is the result of the 
focusing effect the earth’s magnetic field has on particles released from the sun 
during a solar proton event. The effect concentrates high-energy particles in the 
region of the magnetic pole with the result that normal VLF transmission is 
disrupted. 

The effect on radio waves is known as polar cap absorption (PCA). Historically, 
PCDs produced large or total absorption of high frequency radio waves crossing the 
polar region, hence the term polar cap absorption. The amount of transmission 
anomaly depends on how much of the total transmission path actually crosses the 
region of the magnetic pole and its associated auroral zone. A transmission path 
which is entirely outside the Arctic region will be unaffected by the PCD. Although 
the occurrence of a PCD is random and unpredictable, the probability of PCD 
incidence increases during periods of high solar activity. The Omega Propagation 
Correction Tables make no allowance for this phenomenon which is random in 
occurrence, although the frequency of occurrence increases during those years of 
peak solar activity. 

The PCDs, often called PCA events (PCAs), may persist for a week or more 
although a duration of only a few days is more common. HYDROLANT/HYDRO- 
PAC messages are originated by the Defense Mapping Agency Hydrographic/Topo- 
graphic Center if significant PCDs are detected. 

The position error that will be experienced for a given LOP will depend upon 
the transmitting stations used and the effect of the PCD on each signal. In some 
cases the effect will tend to be cancelled out if the navigator is using the hyperbolic 
mode and has chosen station pairs whose transmission paths through the auroral 
zone are similar. However, no cancellation will be realized if the ranging mode is 
used. Using circular LOPs in this case, the position error will depend upon the 
severity of the PCD and the propagation path geometry involved. Phase shifts of as 
much as 50 cecs for a given signal have been observed. At 10.2 kHz in the ranging 
mode, this would correspond to a position error of approximately 8 nautical miles. 

4319. Arctic paths.—The predicted propagation corrections include allowance 
for propagation over regions of very poor conductivity such as Greenland and parts 
of Iceland. Little data are available for these areas, hence even the best estimates 
are uncertain. In particular, rather rapid attenuation of the signal with position 
occurs as one passes into the “shadow” of the Greenland ice cap. 

4320. Auroral zones.—Paths which intercept the auroral zones surrounding the 
north and south geomagnetic poles are known to affect the phase of Omega signals. 
Auroral effects are believed to arise from electron precipitation in the higher 
regions of the ionosphere which serves as a source of ionization for the D-region of 
the ionosphere. Although the visual auroral zone is generally oval in shape, it is 
now thought that the shape of the effective region producing ionization of the D- 
region is circular about the geomagnetic poles. Thus, auroral effects occur in a 
circular band between 60° and 80° north and south geomagnetic latitude. In terms 
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of phase velocity, the nighttime auroral variation is about four times that of the 
daytime variation. The actual effect on Omega signals for paths intersecting this 
region is a decrease in phase, i.e. a phase advance with respect to nominal values. 

4321. Spatial and dispersive correlation.—Over very long transmission paths 
from a transmitting station to various points within a limited area, approximately 
the same errors will be accumulated along segments of the different paths. It 
follows that within this limited area, two Omega receivers will exhibit similar 
errors. This spatial correlation results in Omega having excellent rendezvous capa- 
bility. Differential Omega, in which a propagation correction as accurately deter- 
mined at a fixed site is broadcast to Omega users within the immediate area (radius 
up to about 300 nautical miles), makes use of this spatial correlation. 

Over the same propagation path, fluctuations on 10.2 kHz are usually closely 
related to those on 13.6 kHz. This dispersive correlation generally reduces errors 
associated with the use of the two frequencies in lane resolution. 

4322. The stability of propagation has been demonstrated by long term moni- 
toring of Omega signals at fixed sites by the Naval Electronics Laboratory Center 
(NELC) and others. The monitoring verifies that the standard deviation of an LOP 
derived from a station pair is on the order of 4 cels. This monitoring also indicates 
that the phase-difference measurement is dependent upon the time of day. During 
the day the required propagation corrections are relatively small but undergo more 
variations than the required nighttime corrections; during the nighttime, the re- 
quired corrections are relatively large but more nearly constant. During the day- 
time the actual and charted Omega lanes differ than during the night. 

4323. Propagation prediction.—The practicality of the Omega Navigation 
System is dependent upon the fact that the radio signals in the VLF band have 
very good phase stability over extremely long distances. The accuracy of the system 
is dependent upon this inherent stability and the predictability of the phase vari- 
ations along the propagation path. Long term studies indicate that the Omega 
signal phase, which varies diurnally in response to diurnal changes in the ionos- 
phere, can be predicted with enough accuracy to enable positioning to within 1 to 2 
nautical miles drms (app. Q). 

The model for propagation predictions, based on theoretical and empirical 
physical principles, is revised periodically to account for changes in solar activity 
and other propagation anomalies. It is necessary to update the propagation correc- 
tion tables about every 2 years. Through force fitting, the tabular corrections are 
adjusted in accordance with local prediction errors determined by monitoring phase 
data at the transmitting stations and other sites. 

4324. The Omega Propagation Correction Tables contain the necessary data for 
correcting Omega receiver readouts, affected by the prevailing propagation condi- 
tions, to the standard conditions on which all Omega hyperbolic charts and tables 
are based. Propagation corrections are always necessary. 

The corrections are presented in the single station (range) mode so that the 
navigator only need acquire the tables for the stations and areas desired. Each table 
contains propagation corrections for the station and area listed on the cover. 

The publication number, pertinent suffix followed by the letter C, and the 
designator of the single stations for which they are computed fully identify each 
propagation correction table. Using Pub. No. 224 (109-C) D shown in figure 4324a as 
an example, the 224 designates an Omega publication; the first digit of the suffix 
(109) identifies the frequency as 10.2 kHz (2 denotes 3.4 kHz); the last two digits of 
the suffix identify the area of coverage of the table as 09 (fig. 4324b); the letter C 
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indicates that the table is a PPC table as opposed to a lattice table; and the station 
designator (D) completes the full identification of the table. 


[— 


7 
Pub. 224 (109-C) D 


OMEGA PROPAGATION 
CORRECTION TABLES 


FOR 10.2 kHz 


AREA 09 
NORTHWEST PACIFIC 
STATION D (NORTH DAKOTA) 


Prepared and published by the 
DEFENSE MAPPING AGENCY HYDROGRAPHIC CENTER 
Washington, D, C. 20390 
Reprinted 1976 


DMA STOCK NO. OMPUB224109CD 


For sale by authorized Sales Agents of the Defense Mapping Agency Hydrographic Center | 


= 


FicuRE 4324a.—Omega Propagation Correction Tables. 


Propagation corrections are tabulated for each grid point of a grid constructed 
for 4° intervals for latitudes between 0° and 45°. The longitude interval is increased 
to 6° for latitudes between 45° and 60°, and to 8° for latitudes between 60° and 80°. 
Additionally, propagation corrections for the north and south polar areas between 
70° and 90° are tabulated at intervals of 4° of latitude and 20° of longitude. 

The corrections for a given coverage area are arranged in order of increasing 
west longitude and increasing north latitude as shown in figure 4324c. The numbers 
in the centers of the small quadrangles of this figure are the page numbers of the 
table in which the corrections are tabulated. Also, the centers of these quadrangles 
are the grid points at which sets of corrections are computed. As shown in figure 
4324d, each set contains a matrix of propagation correction values arranged hori- 
zontally by Greenwich mean time (GMT) and vertically in semimonthly periods. 
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FiGuRE 4324b.—Omega table areas. 


4325. The propagation corrections effect a conversion from the prevailing 
propagation conditions to the standard conditions on which the Omega charts and 
lattice tables are based. 

The values as extracted from the tables are in units of centicycles (cecs). The 
centicycle (cec) is equal to 1 percent of a cycle. Note, however, that the difference in 
cecs of the phase readings of a station pair is numerically equal to the percentage 
value of the lane defining the LOP, ie., the difference in cecs is numerically equal 
to the number of cels defining the LOP within the lane. 

To obtain the propagation correction for a station pair, the correction for each 
station is determined first. Following such determinations, the correction for the 
station the designator of which follows the designator of the other station in the 
alphabet is subtracted algebraically from the propagation correction of the other 
station. The net value is added algebraically to the phase-difference readout on the 
receiver for that station pair. 

Although extracting the correction data for each station of a pair from the 
pertinent tables and forming the propagation correction for the station pair are 
simple processes, the navigator may prefer to construct graphs in advance for a 
particular area. Since the corrections are for semimonthly periods, the graphs can 
be used during a 2-week period. These graphs may be constructed for single sta- 
tions, pairs of stations, or both. As an example, the following corrections are 
extracted from the pertinent tables: 
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PROPAGATION CORRECTIONS 


GMT Station A Station B Hyperbolic A-B 
07 qe —(—86) —3b 
08 at) —(—86) = 5) 
09 =14 —(—86) 22 
10 —=05 —(—25) 30 
ty Say —(—08) 06 
12 =O == (2) 01 
13 00 00 00 
14 01 —(08) tt 
15 00 —(04) —04 


Note that since B follows A in the alphabet, the correction for station B is subtract- 
ed algebraically from the correction for station A. 
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Ficure 4324c.—Index to corrections for a given coverage area. 


As illustrated in figure 4325a, a simple graph can be constructed which simpli- 
fies any interpolation that might be required and depicts any rapid variations in 
the corrections indicating uncertainty in the validity of the correction. In this graph 
propagation changes occur quite rapidly about 0830Z. Station A (Norway) correc- 
tions only are graphed in figure 4325b. These corrections for 10 January are for a 
grid point (lat. 16°N, long. 40°W) at which the sun rises at about the same time as 
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Figure 4324d.—Extracts from Omega Propagation Correction Tables. 


at station A. Hence, propagation changes over most of the 2,300 nautical mile 
propagation path from northern Norway to 16°N, 40°W occur quite rapidly about 
0830Z. The prudent procedure would be to use a different station pair at this time 
for obtaining an LOP. 

When forming the 3.4 kHz coarse lane from the 10.2 kHz and 13.6 kHz trans- 
missions from a station pair and determining in which 10.2 kHz fine lane the 
observer is located by means of the equivalent 3.4 kHz phase-difference reading, the 
phase-difference reading at 10.2 kHz is subtracted from the phase difference reading 
at 13.6 kHz. The correction as extracted from the Omega Propagation Correction 
Tables for 10.2 kHz is subtracted algebraically from the correction extracted from 
the tables for 13.6 kHz. The algebraic difference of the corrections so found for each 
station of the pair is then applied to the phase difference reading. 

4326. Omega plotting charts.—Several series of charts have either been pro- 
duced or are under development for use with the Omega system. The 7600 and 7700 
series, designed to give global coverage on the Mercator projection with a scale of 
1:2,187,400 (1 inch=30 nautical miles), are plotting sheets overprinted with Omega 
zero phase-difference contours for standard propagation conditions. 

On these plotting charts the LOP for a corrected receiver reading of a station 
pair is constructed by graphical linear interpolation between the charted LOPs. 
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Figure 4325a.—Diurnal effects. Ficure 4325b.—Diurnal effects. 


Notice to Mariners are not issued for changes to hydrographic information on 
these plotting charts. The mariner should consult the nautical charts covering the 
same area for hydrographic information. 

4327. Lattice tables.—It is not feasible to provide the great number of large- 
scale charts required for every application of the Omega System. The counterpart to 
the Omega chart is the lattice table (Omega charting coordinate table) contained in 
the Pub. 224 Series. Through use of this table, Omega lines of position can be 
plotted on a suitable plotting sheet or chart having a scale as large as 1:800,000. 

Because all Omega frequencies are integral multiples of a common base fre- 
quency (1.133 kHz), there is no real need to publish lattice tables for frequencies 
other than 10.2 kHz. For instance, every third 10.2 kHz hyperbola is also a 3.4 kHz 
hyperbola; every fourth 13.6 kHz hyperbola is also a 3.4 kHz hyperbola. The tables 
are computed for hyperbolic lanes at a frequency of 10.2 kHz. Every 10.2 kHz 
hyperbola, exactly divisible by three (897,900,908, etc.) is also a 3.4 kHz hyperbola. 

The numbering of the lanes established by a station pair increases in the 
direction away from that station of the pair the designator of which appears first in 
the alphabet; the 10.2 kHz lane at the perpendicular bisector of the baseline of the 
pair is assigned a value of 900. A fictitious minimum lane count is inserted in the 
lattice computations to provide this 10.2 kHz lane count of 900 lanes on the 
perpendicular bisector of the baseline. 

For each coverage area as shown in figure 4324b there is a separate Omega 
Table (lattice table) for each station pair that can be used in that area. 

The publication number, pertinent suffix, and station pair fully identify each 
lattice table. Using Pub. No. 224 (109), Pair D-H, as an example, the 224 designates 
an Omega publication; the first digit of the suffix (109) identifies the frequency as 
10.2 kHz; the last two digits of the suffix identify the area of coverage of the table 
as area 09; the station pair (D-H) completes the full identification of the table. 

As shown in figure 4327, the columns are headed by lane values at intervals of 
one lane in most cases. Lane values corresponding to the baseline extensions are so 
marked. 

Because Omega isophase contours fan out in all directions, it is sometimes 
necessary to tabulate the latitude at which the contours intersect meridians; at 
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other times it is necessary to tabulate the longitudes at which the contours inter- 
sect parallels of latitude. The tables are arran 
appears to the left of the longitude. 

For the entire area of coverage, points on the isophase contours are tabulated 
at intervals of 1° of latitude or longitude from the equator to 60° north and south. 
From 60° latitude to 80° latitude, the points are tabulated at intervals of 1° of 
latitude or 2° of longitude. From 80° latitude to the pole, the points are tabulated at 
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Figure 4327.—Extract from Omega Table. 
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Close to the transmitting stations where the hyperbolic contours curve sharply, 
additional points are tabulated at intervals of 15 minutes of arc. The spacing of the 
points is such that the navigator can safely use a straight line between any two 
adjacent tabulated points as an approximation of the hyperbola. Within approxi- 
mately 20 miles of a transmitting station, the curvature of the hyperbolic contours 
is excessive. The navigator is cautioned that straight line segments will introduce 
appreciable errors. A plot of three consecutive points will indicate the amount of 
curvature and the actual contour. When operating within 450 nautical miles from a 
transmitting station, caution should be exercised because transmissions from the 
station may not be reliable. The use of the signals when within 450 nautical miles 
of a transmitting station should be avoided if possible. 

4328. Interpolation.—The usual situation is that the LOP corresponding to a 
corrected receiver reading lies within a lane, i.e., the LOP usually lies between 
adjacent zero phase-difference contours for standard propagation conditions. Since 
the lattice table tabulations are points on these contours, interpolation is usually 
required. 

To facilitate linear interpolation in the lattice tables, the rate of change of 
latitude or longitude per lane is tabulated immediately to the right of each tabulat- 
ed point on the zero phase-difference contour or lane boundary. This A value is only 
an average rate of change for a two-lane band. It is assumed to be correct at the 
tabulated point of the middle hyperbola. For this reason it is always necessary to 
interpolate from the nearest tabulated lane value, T. The difference between the 
corrected receiver reading and tabular lane is multiplied by A. This product is 
added algebraically to the value of latitude or longitude tabulated under the 
column headed by T. Either A or the difference between the corrected receiver 
reading and the tabulated lane value (T) can be negative. 

The A value is in units of minutes of arc, the last digit being tenths of minutes 
of arc. However, the decimal is not shown in the tabulation. 

As the baseline extensions are approached, accurate interpolation is impossible. 
In these areas, values for A have been omitted. 

Example.—The 0400Z DR position of a ship on 5 February is latitude 21°36'N, 
longitude 161°15'E. The 0400Z Omega reading for station pair D-H is as follows: 


0400Z Pair D-H 1090.15. 


Required.—The 0400Z Omega LOP. 

Solution.—The appropriate predicted propagation correction (PPC) must be 
applied to the observed receiver reading to obtain the corrected receiver reading. 
Therefore, enter the PPC tables for the pertinent stations with the DR position. 
Select the PPC for the closest geographic intersection to the ship’s DR position for 
the proper time and date. Combine the PPC’s for the individual stations comprising 
the pair by algebraically subtracting the correction for the second station alphabeti- 
cally of the pair from the correction for the first station. Apply the correction to the 
uncorrected receiver reading. Enter the lattice table in the T column nearest to the 
value of the corrected receiver reading and with the latitudes or longitudes closest 
to and on each side of the DR position. Extract the corresponding longitudes or 
latitudes for these two points. Interpolate if necessary. Plot the two points thus 
obtained. Connect these two points with a straight line to determine the Omega 


LOP. 
PPC table excerpts for Stations D and H are as follows (see figure 4824d): 
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Tabulated 


Latitude longitude A 
21°N 161°34/9E —11.0 
22°N 161°26/7E —11.0 

Longitude change (diff. x A) Interpolated 
longitude 

(—.27)x(—11.0)=+3/0 161°37/9E 

(—.27)x(—11.0)=+3/0 161°29'7E 


Answer.—The LOP is plotted through the following positions: latitude 21°N, 
longitude 161°37°9E, and latitude 22°N, longitude 161°29'7E (see figure 4328). 


Loran-C 


4329. Loran-C is a long range hyperbolic radionavigation system of high accu- 
racy which processes a pulsed LF (100 kHz) signal by both the time difference and 
phase comparison methods. Ranges of 800 to 1,200 nautical miles are obtainable 
when using the groundwave, depending upon transmitter power, signal-to-noise 
ratio in the service area, receiver sensitivity, and losses over the signal path. Wide 
coverage areas are made possible by the low propagation losses of LF groundwaves, 
by the use of pulse groups to increase the average power without any increase in 
the peak power, and by the use of long baselines which, as compared to shorter 
baselines, serve to increase the total area where the angles of cut of the lines of 
position are 15° or greater. 
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The normal propagation mode is the groundwave. The skywave propagation 
mode can be used with reduced accuracy beyond the area of groundwave reception. 
One-hop skywaves may be received at ranges up to about 2,300 nautical miles. 

Although it is designed and operated for use in the hyperbolic mode, Loran-C in 
the Range-Range mode (art. 4304) can be used to extend the coverage area within 
which accurate fixes are obtainable. 

The low frequency (90-110 kHz) signals used in the Loran-C system do not 
suffer from the high propagation losses over land associated with medium frequen- 
cy (MF) and high frequency (HF) signals. The MF and HF signals also suffer loss of 
propagation predictability due to natural and man-made features whose sizes are 
significant fractions of a wavelength. Higher frequency signals are range limited to 
line-of-sight. Thus, the center frequency of 100 kHz was selected for Loran-C to 
benefit from the stable propagation characteristics and long range of the LF band. 

4330. Loran-C chains are comprised of a master transmitting station, two or 
more secondary (slave) transmitting stations and, if necessary, system area monitor 
stations. The transmitting stations are located so that the signals from the master 
and at least two secondary stations can be received throughout the desired coverage 
or service area. For convenience, the master station is designated by the letter M 
and the secondary stations are designated W, X, Y, or Z. Thus, a particular master- 
secondary pair and the time difference (TD) which it produces can be referred to by 
the letter designations of both stations or just that of the secondary, e.g. MX time 
difference or TDX (fig. 4330). 

4331. The Loran-C signal format.—The transmitting stations of a Loran-C 
chain transmit groups of pulses at a specified group repetition interval (GRI). Each 
pulse has a 100 kHz carrier and is of the shape shown in figure 4331a. The shape is 
such that 99 percent of the radiated energy is contained between the frequencies of 
90 and 110 kHz. For each chain a minimum GRI is selected of sufficient length so 
that it contains time for transmission of the pulse group from each station (10,000 
microseconds for the master and 8,000 microseconds for each secondary) plus time 
between each pulse group so that signals from two or more stations cannot overlap 
in time anywhere in the coverage area (fig. 4331b). Thus, with respect to the time of 
arrival of the master, a secondary station will delay its own transmissions for a 
specified time, called the secondary coding delay. The minimum GRI is therefore a 
direct function of the number of stations and the distance between them. A GRI for 
the chain is then selected so that adjacent chains do not cause mutual (cross-rate) 
interference. Possible values for GRI are listed in table 4831a. The GRI is defined to 
begin coincident with the start of the first pulse of the master group. 

Each station transmits one pulse group per GRI. The master pulse group 
consists of eight pulses spaced 1,000 microseconds apart, and a ninth pulse 2,000 
microseconds after the eighth. Secondary pulse groups contain eight pulses spaced 
1,000 microseconds apart. Multiple pulses are used so that more signal energy is 
available at the receiver, improving significantly the signal-to-noise ratio without 
having to increase the peak transmitted power capability of the transmitters. The 
master’s ninth pulse is used for visual identification of the master, and for blink. 
Blink, used to warn users that there is an error in the transmissions of a particular 
station, is accomplished by turning the ninth pulse on and off in a specified code as 
shown in table 4331b. The secondary station of the unusable pair also blinks by 
turning its first two pulses on and off. Most modern receivers automatically detect 
secondary station blink only, as this is sufficient to trigger alarm indicators. 
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FiGcureE 4330.—Loran-C chain. 


The rate structure for Loran-C is limited in theory to GRIs of 00010 to 99990 
microseconds in 10 microsecond steps. In actual practice the GRIs are between 
40000 and 99990 microseconds with limits placed on rates actually selected. The 
designation of a Loran-C rate is by the first four digits of the specific GRI. This is a 
newly expanded rate structure. The old rate structure consisted of those GRIs with 
old rate designations shown in parentheses (thus rate SS7 is now referred to as 
9930). 

4332. Avoiding skywave contamination.—A skywave may arrive at a receiver 
as little as 35 microseconds (ys) or as much as 1,000 ps after the groundwave. In the 
first case, the skywave will overlap its own groundwave while in the second case 
the skywave will overlap the groundwave of the succeeding pulse. Either case will 
cause distortion of the received signal in the form of fading and pulse shape 
changes. Large positional errors would result if these conditions were not accounted 
for in the selection of the Loran-C signal format, and the design of the receivers. 

The early arriving skywave is overcome by making time of arrival measure- 
ments on the first part of the pulse. This ability is enhanced by the fast-rising pulse 
(fig. 4831a), achieving high power prior to the arrival of the skywaves. The shape of 
the pulse also allows the receiver to identify one particular cycle of the 100-kHz 
carrier. This is essential to prevent whole cycle ambiguities in the time-difference _ 
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TABLE 433la.—Group repetition intervals (GRI in tens of microseconds). 
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Figure 4383la.—Loran-C pulse. 


measurement and allows the high accuracy of the phase measurement system to be 
achieved. 


1040 RADIONAVIGATION SYSTEMS 
LORAN-C CHAIN GRI 


ARY SECONDARY 
ACTED SERNRVSRIBEEY —ccmoan uss 
ps, Z=PULSES 
aot 7a 
Tox» 
1000 “SEC 
TDY. 
TDZ 


FiGuRE 4331b.—Loran-C signal format. 


To prevent the long-delay skywaves from affecting the time-difference measure- 
ment, the phase of the 100-kHz carrier is changed in each pulse of a group in 
accordance with a predetermined pattern. The phase codes for Loran-C are shown 
in table 4331c. The different phase codes for the master and secondary signals also 
allow automatic receivers to use the code for master and secondary station identifi- 
cation. 

4333. Synchronization control.—All transmitting stations are equipped with 
cesium frequency standards. The high stability and accuracy of these standards 
permit each station to derive its own time of transmission without reference to 
another station. 

The objective for control of a Loran-C chain is to maintain constant the ob- 
served time difference (TD) of each master-secondary pair throughout the coverage 
area. Frequency offsets in the cesium standards and changes in propagation condi- 
tions can cause the observed TD to vary. Therefore, one or more system area 
monitor (SAM) stations with precision receiving equipment are established in the 
coverage area to monitor continuously the TDs of the master-secondary pairs. In 
some cases a transmitting station is suitably located and performs the SAM func- 
tion. A control TD is established through calibration (art. 4334). When the observed 
TD varies from the control TD by one-half of the prescribed control tolerance, the 
SAM directs a change in the timing of the secondary station to remove the error. 
The control tolerance is plus or minus 200 nanoseconds or better. If the observed 
TD differs from the control TD by more than the control tolerance, “blink” (art. 
4331) is ordered to advise users that the TD is unusable. 

The Loran-C system as it operates has maintained a record of 99.7 percent 
availability, not including scheduled off-air maintenance, which reduces that figure 
to about 99 percent. New equipment is being developed which will permit on-air 
maintenance, and also improve the system availability, with a goal of better than 
99.7 percent, including all interruptions of service. 

4334, System calibration.—When a Loran-C chain is established (or when a 
secondary is added) and periodically thereafter, chain calibration is conducted. The 
purpose of the calibration is to record the Loran-C time differences at a number of 
known geographical points in the coverage area. This information is then used to: 

1. verify the initial chain synchronization to ensure that the chain performs as 
advertised; 
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MASTER STATION NINTH PULSE: mm = APPROXIMATELY 0.25 SECOND 
was = APPROXIMATELY 0.75 SECOND 


UNUSABLE ON-OFF PATTERN 
TD (S) 


12 SECONDS 


SECONDARY STATION FIRST TWO PULSES: 


TURNED ON (BLINKED) FOR APPROXIMATELY 0.25 SECONDS 
EVERY 4.0 SECONDS. ALL SECONDARIES USE SAME CODE, 
AUTOMATICALLY RECOGNIZED BY MOST MODERN LORAN—C 
RECEIVERS. 


TABLE 4331b.—Loran-C blink code. 


2. establish the control time differences, which are then used as the reference 
for measuring synchronization control; 

3. ensure the accuracy of existing control time differences; 

4. provide survey data for accurate charting and for use in determining surface 
conductivities. 

In performing a calibration, an effort is made to distribute the monitor sites 
uniformly over the coverage area. Each site is visited for a minimum period of 4 
hours, during which time the Loran-C signals are monitored precisely and the 
average value for the period is determined. The transmitting stations and the 
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station for which the control time differences are to be established are also required 
to conduct precise monitoring. The geographic location of the monitor site (if not 
already known) is determined at the same time by use of satellite positioning. The 
calibration data is then reduced to establish or check the control time differences, 
and to estimate surface conductivities throughout the coverage area. This improves 
the ability to predict the time differences at particular locations. 


MASTER EACH SECONDARY 
GRIA ++——+— PS +++++——+ 
GRIB +——tt+t+t+ = ee 


NOTE: (+) INDICATES ZERO DEGREE CARRIER PHASE 
(—) INDICATES 180° CARRIER PHASE 


LORAN-—C INTERVALS A&B ALTERNATE IN TIME 


TABLE 4331c.—Loran-C phase codes. 


4335. Receiver characteristics.—A “true” low-cost Loran-C receiver which will 
be useful to the limits of the U. S. Coast Guard’s advertised coverage area for the 
Coastal Confluence Zone has the following characteristics: 

1. It acquires the Loran-C signals automatically, without the use of an oscillo- 
scope. 

2. It accomplishes cycle matching on all pulses to take advantage of the maxi- 
mum accuracy of the system. 

3. It automatically tracks the signals once they have been acquired. 

4. It displays two time-difference readings. 

There are many Loran-C receivers on the market, exhibiting varying degrees of 
performance. A few of these receivers are known to meet all of the above require- 
ments. There is no guarantee that all Loran-C receivers will accurately measure the 
received Loran-C signals out to the limits of the advertised coverage area, since 
most of them use pulse envelope matching techniques and little or no cycle match- 
ing. Some receivers perform all of the desired functions except that they depend on 
the operator using an oscilloscope for signal acquisitions. In a “noisy” environment 
(e.g. where the atmospheric or man-made noise level is high compared to that of the 
desired Loran-C signals), this will be extremely difficult, again limiting the area in 
which that receiver can be used. 

4336. Interference filters.—Like all radionavigation systems, Loran-C can be 
adversely affected by interference. The effect of interference is to make it difficult 
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to acquire the Loran-C signals or to make the readings fluctuate more than usual or 
both. Most manufacturers provide tuneable filters which can be used to minimize 
such interference. If a user is to remain always in the same general area (about 100- 
mile radius from a center point) it will probably never be necessary to readjust 
these filters once they are properly set by the manufacturer or his local representa- 
tive. 

If the user is to travel great distances, it will be necessary for him to learn how 
to readjust the filters. This is not a difficult task following some initial training. 

4337. Signal acquisition.—To acquire the Loran-C signals it is important to 
enter into the receiver the GRI of the local Loran-C chain. Usually, the GRI will 
remain unchanged as long as the vessel stays on the same coast of the United 
States. 

The speed at which the receiver will find the Loran-C signals depends upon the 
signal strength and how much noise is present. In some receivers, the user can 
expedite the process by preselecting the approximate Loran-C readings he expects 
to read. Most modern receivers will be automatically tracking within 5 minutes of 
initial turn-on, and will continue to track until the receiver is turned off. If a user 
is at a known location (at a pier and ready for departure, for example) it will be 
obvious to him when the receiver is providing the correct information. In any event, 
most receivers show some type of an alarm which remains lighted until the receiver 
is tracking properly. 

Initially acquiring Loran-C signals when arriving from far out (several hundred 
miles or more) at sea is a more difficult problem than the one of a vessel at a pier 
where the Loran-C readings are known. Thus, the receiver may take more time to 
acquire the signals. When first entering a Loran-C coverage area, the receiver 
should be checked frequently to ensure that all the alarms are extinguished. Some- 
times, due to weak signals and high noise, the receiver alarms will go out even 
though the receiver is not tracking precisely. However, as the vessel continues to 
enter the stronger signal area, the receiver will automatically recognize that it has 
made an error and will give the user an alarm light. This should occur well before 
the vessel enters the CCZ. 

4338. Lattice tables provide the coordinates necessary for the construction of 
straight line representations of segments of the hyperbolic lines of position. Except 
when the user of the Loran-C system is within about 20 nautical miles of a 
transmitting station, the straight line segment joining any two adjacent tabulated 
points can be used without appreciable error. Should there be doubt about the 
accuracy of the line of position with regard to curvature, the amount of error can 
be resolved by plotting an adjoining straight line segment of the line of position. 

Pub. 221, Loran-C Table, is a series of lattice tables published by the Defense 
Mapping Agency Hydrographic/Topographic Center. In this series there is a sepa- 
rate lattice table for each station pair of a chain. Each table is identified by the 
publication number (221), pertinent suffix, and station pair. For example, Pub. 221 
(2013) Pair 7960-X is the lattice table for the 7960-X pair in the Gulf of Alaska 
chain. 

Points on hyperbolas separated by 10 microseconds of time difference are 
tabulated in the lattice tables (fig. 4338a) at intervals of whole degrees of latitude or 
longitude except in areas close to transmitting stations. In such areas, points are 
tabulated at intervals of whole degrees or quarter degrees, depending upon the 
degree of curvature of the line. A separate column is given for each tabulated 
reading, at 10-microsecond intervals. An auxiliary tabulation labeled A (delta) gives 
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the change in longitude or latitude (to 0/01) for a 1-microsecond change in the time- 
difference reading. Also, points on the baseline extension are tabulated in a column 
headed by the time-difference reading on the baseline extension. 

Tabulated readings are for groundwaves. Skywave readings are corrected to the 
equivalent groundwave readings before entering the tables. A groundwave reading 
is designated T,, and a skywave reading Ts. If a groundwave is matched with a 
skywave, the reading is labeled Tgs if the groundwave is from the master station, 
and Ts, if from the secondary (slave) station. 

The Loran-C lattice table is entered with the groundwave reading in microse- 
conds, and the latitude or longitude. For a line running in a generally north-south 
direction, the table is entered with the latitude, and the corresponding longitude is 
taken from the table. For an east-west line, the table is entered with longitude, and 
latitude is taken from the table. Two such points are thus determined and plotted, 
one on each side of the dead reckoning position. The straight line connecting them 
is an approximation of a small segment of the line of position. 

Interpolation is usually required. For each latitude or longitude argument, the 
lattice table is entered with the tabulated time-difference (T) nearest to the ground- 
wave reading. The longitudes or latitudes extracted are then corrected by the 
amounts of the products of (Tg—T) and A, the change in longitude or latitude for 1- 
microsecond change in T. Careful attention must be given to the signs of A and 
(T,—T). The sign of A is found by inspection. The sign of (Tg—T) is found by always 
algebraically subtracting T from Tg. 

Example 1.—The 1530 DR position of a ship is lat. 48°35’N, long. 30°17’W. 
Loran-C readings are obtained, as follows: 


1530 7930-X Tg 29523.8 
1530 7930-Z Tg 48635.7 


Required.—The 1580 Loran-C fix. 

Solution.—Enter the lattice tables (fig. 4838a) in the T (time difference) column 
nearest to the value of Tg and with the latitudes or longitudes closest to and on 
each side of the DR position. Extract the corresponding longitudes or latitudes for 
these two points. Interpolate if necessary. Plot the two points thus obtained. Con- 
nect these two points with a straight line to determine a segment of the hyperbolic 
line of position. The intersection of two lines for different pairs determines the 
Loran-C fix (fig. 4338b). 


; _ Tabulated Longitude change Interpolated 
Pair 7930-X Latitude longitude A (T;—T)x (A) lonaiuede 
TRS 29520 
Tiseeenaee 29523.8 48°N 30°24/3W +22 (+3.8)x(4.22)= +0/8 30°25/1W 
To—T...... +3.8 49°N 30°21/5W +21 (+3.8)x(4.21I)=+0/8 30°22'3W 
: 7930- Longi- Tabulated Latitude ch f 
Pair z tude latitude A G T. Ds Nik Bie aen 
1 re 48640 
A Veins: 48635.7 30°W 48°24'3N +20 (—4.3)x(+.20)= —0/9 48°23/4N 
AW Pee —4.3 31°W 48°47/5N +19 (—4.3)x(4.19)=—078 48°46/7N 


Loran-C lines of position are plotted through the following positions: lat. 48°N, 
long. 30°25/1W; lat. 49°N, long. 30°22/3W; and lat. 48°23’ 4N, long. 30°W; lat. 
48°46'7N, long. 31°W. 
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31 46-8wW 
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Ficure 4338a.—Extracts from lattice tables. 


Answer.—lat. 48°32/7N, long. 30°23‘ 6W. 
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51 31¢3N 
51 4729N 
52 0420N 
52 1926N 
52 3427N 


ZEEELEE exix xix 


Cat Bb me sb eS 


When it is possible to match two groundwaves, never match a groundwave with 
a skywave. Under the best conditions for matching groundwaves to skywaves, the 
value obtained may be uncertain by an amount equivalent to several miles in 
position. As is the case with matching two skywaves, the error may be very large 
when the user is within 200 microseconds of the baseline extensions. 

When receiving a skywave signal from one Loran-C station and strong ground- 
wave and skywave signals from a second Loran-C station, the practical procedure is 
to match the skywave from the first station with the groundwave from the second 
station. This situation would be encountered when the receiver is located far from 
the first station and near to the second station. The use of an all skywave match in 
this situation may cause large errors because of large uncertainties in the skywave 


correction for the near station. 
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Figure 4338b.—Loran-C fix. 


Example 2.—The 2130 DR position of a ship is lat. 48°35’N, long. 46°45’W. 
Loran-C readings are obtained as follows: 


2130 7930-X T, 33114.8 
2130 7930-Z Tsg 54632.2 

Required.—The 2130 Loran-C fix. 

Solution.—The observed skywave reading (T,) must be corrected to an equiva- 
lent groundwave reading (Tg). Preceding each time-difference table are conventional 
“Skywave Correction” tables for daytime (ionosphere height—73 kilometers) and for 
nighttime (h=91 km.). Enter the pertinent table (fig. 4338c) (in this example, 
nighttime—since the Loran-C readings are taken at 2130) with the DR position and 
obtain the skywave correction. Interpolate if necessary. Apply the correction to the 
observed T; to determine Tg. 

If a skywave and a groundwave are matched, the observed reading (Ts, or Tgs) 
must also be corrected to an equivalent groundwave reading (T,). Special ‘“Ground- 
wave to Skywave Correction” tables (fig. 4338d) precede the time-difference tables. 
Enter the appropriate special correction table (in this example, nighttime) and 
obtain the special correction. To determine Tog, apply this correction to the observed 
Tsg or Tgs reading. 

After T, is determined, the remainder of the solution follows that of example 1. 
Extracts from the lattice table are given in figure 4338e. 


Pair 7930-X Pair 7930-X 
Ts 33114.3 iT sistaeoau...od. See. bantetede 33120 
Conventional Corr AL Tl Ne es en | 33122.4 
WU Gets A cssdesccsactss ies; a 33122.4 TyeiDien ee ie Bi net Be + 2.4 
: Tabulated Longitude change Int lated 
Latitude longitude e (B5—T)X(A) ongitale 
48°N 46°59/5W +40 (+2.4)x(+.40)=+4+1/0 47°00/5W 


49°N 46°20'5W +388 (+2.4)x(+.38)= +079 46°21/4W 
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SKYWAVE CORRECTION 
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Ficure 4338c.—Conventional skywave correction table. 
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7930-2 GROUNDWAVE TO SKYWAVE CORRECTION FA 
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Figure 4338d.—Special groundwave to skywave correction table. 
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Ficure 4338e.—Extracts from lattice tables. 


1050 RADIONAVIGATION SYSTEMS 


Pair 7930-Z Pair 7930-Z 
Tso 45632.2 Best anton cre atest oaaiccooen eaiaa asace bac 45700 
Special Corr +62" \ Dh Sresceenccancemas cemenomcccccacasanssny nee 45694.2 
he ee ROBE Ane anche hy cE AR Shoe 45694.2 of De eet hear snceeiey Wet FARE par cee RON 4 Says) 
. Tabulated Latitude change Interpolated 
Longide latitude A (ToT) latitude 
46°W 48°10/9N +13 (—5.8)x(+.13)==078 48°10/1N 
AT°W 48°41/8N +11 (—5.8)« (+.1)+<2016 48°41/2N 


Answer.—Following the procedure for plotting lines of position as shown in 
example 1, the 2130 Loran-C fix is lat. 48°31‘/3N, long. 46°40/2W. 

Loran-C lattices on charts.—The Defense Mapping Agency Hydrographic/ 
Topographic Center provides Loran-C lattices on charts which are within the Loran- 
C system’s coverage area. 

Loran-C lattices are for use with groundwaves. Skywave corrections are shown 
on the chart at projection intersections (fig. 43838f) where skywave contamination is 
expected. The navigator must determine if the receiver is tracking: 

(1) groundwave signals from both master and secondary stations (Tg), or 

(2) skywave signals from both master and secondary stations (Ts), or 

(3) groundwave signal for master and skywave signal for secondary (T¢s), or 

(4) skywave signal for master and groundwave signal for secondary (Tg). 


LORAN-C RATES ON THIS CHART 


Additional loran rates in this area may be provided by other charts and 
publications listed in Pub. P2V10. 


Skywave corrections for this chart are: 


$970X-020 SG+38D 
9970X-03N SG+54N 
9970Y-02D SG+38D 
9970Y * 


* Do not use skywaves in this area. 


FicureE 4338f.—Loran-C skywave corrections as shown on charts. 


When the navigator determines that the signals being used are both skywave then 
the proper correction at the nearest projection intersection is chosen based on time 
of fix, (N for night and D for day), and the station pairs being used. This correction 
will reduce the skywave signals to a groundwave reading for plotting. If the naviga- 
tor determines that the received signals are of mixed propagation modes (skywave 
for one and groundwave for the other) a special correction must be used to reduce 
the received signals to a groundwave reading. These special corrections are also 
located at the projection intersections and prefixed by either GS or SG to indicated 
the order of mix. A station pair designator followed by an asterisk indicates that 
skywaves should not be used for this pair in that area. Additional skywave correc- 
tion data is located in the DMAHTC Loran-C Rate Tables for each station pair. 
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4339. Propagation prediction.—The accuracy of the lattice tables or of the 
lattices overprinted on the nautical chart is dependent upon knowledge of the LF 
signal transit time between a transmitting station and receiver. The signal propaga- 
tion velocity in free-space is well known; however, there exists an additional time 
(or phase) delay compared to free-space propagation time when the signal propa- 
gates over the earth’s surface. Compensation for this additional delay is necessary 
in order to obtain maximum positioning accuracy. The compensation for these 
delays, in the form of Secondary Phase Factor (SF) corrections for signal transmis- 
sion over all seawater paths and Additional Secondary Phase Factor (ASF) correc- 
tions for transmission over land paths, is generally derived from both analytical 
and empirical models for predicting phase delay. 

The Loran-C lattices as tabulated in the tables or overprinted on the nautical 
chart normally include compensation for Secondary Phase Factor. The lattices 
overprinted on nautical charts covering areas within the Coastal Confluence Zone 
may include compensation for Additional Secondary Phase Factor and will be 
stated on the chart when included. Loran-C Correction Tables tabulate the ASF in 
the Coastal Confluence Zone and when not included on the chart should be applied 
algebraically to the receiver time difference reading to increase the accuracy of the 
lines of position. 

4340. Accuracy.—The repeatable accuracy (art. Q8) to be expected of a Loran-C 
fix for 1:3 and 1:10 signal-to-noise ratios is expressed in terms of 2d,,, (art. Q7) in 
figures 4343a and 4343b. The error is stated as 1,500 feet. The probability is given as 
95 percent. The standard deviation of each of the two intersecting lines of position 
establishing the fix is 0.1 ps. 

The repeatable accuracy is affected by systematic and random errors (arts. Q3 
and Q4). The systematic errors are largely due to errors in propagation prediction 
(art. 4339). 

4341. Ranging mode.—With the user’s receiver appropriately modified to 
enable time measurements with respect to a local time reference, the Loran-C 
system can be operated in the ranging or Range-Range mode, which is discussed in 
more detail in article 4304. 

4342. Loran-D, designed for military tactical use, is a lower power, shorter 
range version of Loran-C. Since the stations are readily transportable, the system 
provides the potential for filling any gaps in the higher power Loran-C coverage. 

4343. The U. S. Coastal Confluence Zone (CCZ) as defined by the National 
Plan for Navigation, promulgated by the Secretary of Transportation, is that area 
of water extending outward from the shore for 50 nautical miles or to the 100- 
fathom curve, whichever is farther from the shore. The inner boundary is the 
harbor entrance. It is the area where transoceanic traffic converges and interport 
traffic exists. 

After extensive study, the U. S. Coast Guard recommended and the Secretary 
of Transportation approved in 1974 the selection of Loran-C as the government 
sponsored navigation system for the CCZ. 

Within the limits of the CCZ, users of “true” Loran-C receivers (art. 4335) 
should obtain a repeatable accuracy (art. Q8) of 0.25 nautical mile with a probabili- 
ty of 95 percent. That is, only 1 fix in 20 should deviate from the mean of a large 
number of positions that could be established by the Loran-C system at a given 
place and time by more than 0.25 nautical mile. 

Loran-C coverage in the CCZ is shown in figures 4348a and 4343b. 
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LORAN-C COVERAGE DIAGRAM 


150° 180° 


SST 


Sera onsviveadanraisaretentatatnai 


aren ere iviasviTimMeOMTe TE 


60° 


eo eee 


@ 
lo} 


rnb ems 


ae 
ae 
~ ee 


a 


We 


{s 


3 


Toe 


“ 


30°} 


PACIFIC 


LEGEND 


T 


“CEELTILE 


inaeauane 


i 


ss 


= 


A | 
Sp i/ 
@\ Melbourne 


I 
4 
\A 


NEW y | 


ZEALAND 
yg 


if 
> 


Ine Soa 


T 


ey en 


=o 


fy 


seam Groundwave—95% fix accuracy (24RMS) of 1500 ft. 


with a standard deviation of 0.1 microsecond. 1:3 
signal-to-noise ratio using values not exceeded more 
than 5% of the time throughout the year. 


Skywave Fix Area—For 1:3 signal-to-noise ratio. 
Gradient of line of position less than 2 n.m. per microse- 
cond with crossing angle greater than 15°, 


Groundwave—95% fix accuracy (2dRMS) of 1500 ft. 
with a standard deviation of 0.1 microsecond. 1:10 
signal-to-noise ratio using noise values not exceeded 
more than 5% of the time throughout the year. 


Skywave Fix Area—For 1:10 signal-to-noise ratio. 
Gradient of line of position less than 2 n.m. per microse- 
cond with crossing angle greater than 15° 


| ally 


op FCT 


7pm 
90° 


120° 150° 180' 


150° 


120° 


Figure 4343a.—Loran-C coverage diagram. 
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Ficure 4343b.—Loran-C coverage diagram. 
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Decca 


4344, The Decca Navigator System, commonly referred to as Decca, is a short 
to medium range hyperbolic radionavigation system which utilizes phase compari- 
sons of low frequency (70-1380 kHz), unmodulated, continuous-wave transmissions to 
provide fixes of high accuracy. The simplicity and speed in fixing is an important 
characteristic of the system. A fix can be obtained in less than 1 minute by reading 
two relevant position coordinate values indicated by two of the three coordinate 
meters of the receiver and then referring them to the appropriate navigational 
chart overprinted with the Decca lattice. 

Developments of the Decca Navigator System used for special applications such 
as in narrow channels are not discussed in this chapter. 

Like other hyperbolic systems, the Decca Navigator System is continuous, pas- 
sive, and non-saturable. 

4345. Decca chains.—Each of the several Decca chains usually consists of four 
transmitting stations operating in three pairs: master/red slave station, master/ 
green slave station, and master/purple slave station. The slave station of the pair is 
so called because its function is to transmit a signal harmonically related and 
having a fixed phase relationship with the master signal. Each slave station is 
located about 60 to 120 nautical miles from the master station. Information on each 
of the several Decca chains established by the Decca Navigator Company Limited is 
presented in The Decca Navigator Operating Instructions and Marine Data Sheets, 
published by that company. 

4346. Decca Navigator System principles.—For the discussion of Decca here, let 
us assume that two transmitting stations, master station A and slave station B, 
separated by a distance S, known as the baseline, simultaneously radiate a pure 
continuous wave of frequency f, and that at any point in the area of coverage of 
these stations, both transmissions can be received separately and their phases 
compared. 

Let us also assume that the phase of the wave transmitted from B is so 
adjusted that at station A the two waves are in phase. 

Figure 4346a shows the relative positions of the two waves of equal frequency 
at two successive instants. The continuous line shows the wave transmitted from A, 
and the broken line the wave transmitted from B. 

It can readily be seen that: 

1. At master station A the two waves are always in phase and remain so at all 
points on the baseline extension to the left of A. 

2. At slave station B the wave emitted by that station is and remains out of 
phase in relation to the wave emitted by master station A. The same phase 
difference prevails as between these two waves at all points of the baseline exten- 
sion to the right of B. 

3. Along the baseline between stations A and B, the points at which both waves 
are in phase are separated by a distance equal to half the wavelength. 

If the length of the baseline (fig. 4346a) were equal to an integral number of 
halfwavelengths corresponding to the frequency f, at station B and at all points on 
the baseline extension to the right of that station, the two waves would always be 
in phase. 

Let us assume that such is the case for the pair of stations shown in figure 
4346b, and that the earth is a plane within the area of coverage. 

At any point Q, two fields exist simultaneously radiated respectively by A and 
B. If we consider a point Q, in the bisector of the baseline, distance Q,A is equal to 
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FiGcureE 4346a.—Relative positions of two waves of equal frequency at two successive instants. 


distance Q,B, and if the currents in the transmitting antennas A and B are in 
phase, it is clear that the two fields produced at Q; will also be in phase. At a point 
slightly to the right of Q;, the distance to antenna A increases and that to antenna 
B decreases. The two fields are therefore no longer in phase. The more the point is 
moved to the right of @,, the more the difference in phase increases. The phase 
difference may thus reach 360°, which is equivalent to a phase difference of 0°, and 
the two fields are once more in phase. This occurs in the case of a point Q2 which is 
farther removed from A than from B by one wavelength. 

If we now plot the hyperbola having A and B as its foci and passing through 
point Q2, all points on the hyperbola (according to the actual definition of a 
hyperbola) will be one wavelength farther away from A than from B. Consequently, 
for all points on the hyperbola, both fields are in phase. 

If point Qs is two wavelengths farther from A than from B, the phase difference 
between the two fields is 720° or twice 360°, i.e. 0° again. This is true for all points 
of the hyperbola passing through Qs. 

In practice the length of the baseline is not an integral number of wavelengths. 
The fixed relationship that the phase of the wave emitted by the slave station bears 
to that of the wave emitted by the master station is such that the waves are in- 
phase at the master station as shown in figure 4346a. Neither detail invalidates the 
basic principle. 

The fixed phase relationship is maintained by phase locking, i.e. keeping the 
frequency emitted by the slave station at a constant phase angle relative to the 
stable frequency received from the master station. 

Since it is impossible in practice to separate two waves of identical frequency at 
a receiver in order to measure their phase difference, as they would then combine 
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FIGURE 4346b.—Hyperbolas defined by phase-difference measurements. 


into a single wave, recourse is made to a technical device which achieves the effect 
of transmitting signals of equal frequency from the master and slave stations. The 
effect of having waves sent from both stations to arrive at the phasemeter on an 
identical frequency, free from interference or wave distortion, is achieved by assign- 
ing harmonically-related values to the two frequencies actually transmitted so that 
multiplying circuits in the receiver can derive from each a common harmonic, the 
comparison frequency. As shown in table 4346, the master station transmits a 
signal of 6f, the red slave 8f the green slave 9f, and the purple slave 5f where the 
fundamental frequency, f, which is not transmitted, lies between 14.00 and 14.33 
kHz. Thus the master and red slave signals are multiplied to a common comparison 
frequency of 24f Geometrically the system functions as if the common frequency 
24f were radiated from the two stations. The master/green and master/ purple pairs 
function similarly by using the frequency values and multiplication factors shown 
in table 4346. 
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Master | Red Green Purple 
A FANSMUSSION TrEQUENCY (KHZ)... .<.cc-.ccccssscasececssevsssecseacoseseooses.c 85.000 | 113.883 | 127.500 | 70.833 
Blarmoniewvek ts I suentnae Bit tae aalin ooltuda. © 6f Sf yr of 
Phase comparison freqnengy Vital wicks, java tee a: 340.000 | 255.000 | 425.000 
Harmonic... Rea Fate site Sane satin Sa Cu iene, Sak Beek 2 24f 18f 30f 
Lane width on baseline (Meters) ........c.ccccccscssssssesessssesssseeesesees 440.735 | 587.647 | 352.588 
Comparison frequency for lane identification (lias seeeestee ss 14.166 | 14.166} 14.166 
Zone width-on baseline (km) ......0...cccccccsssscssebersesecoessedetucssees 10.56 10.56 10.56 


TABLE 4346.—Transmission and comparison frequencies for a chain using a fundamental frequency of 
14.166 kHz. The fundamental frequency f varies from chain to chain. The lane width on the baseline 
is for a propagation velocity of 299,700 kilometers per second. 


4347. The Decca lattice.—Each hyperbola of the Decca lattice overprinted on 
the navigational chart in the color of its respective slave station is an in-phase or 
zero phase-difference hyperbola. The area between adjacent hyperbolas of zero 
phase difference is called a lane. 

Each hyperbola as charted is based upon a velocity of propagation of the radio 
waves, assuming an all seawater path. As discussed in article 4339, an appropriate 
correction may be required when land intervenes. 

4348. Decometer readings.—Since the phase-measuring equipment is sensitive 
to phase differences of the order of 3° to 3°5, the number of hyperbolas that can be 
derived per lane is limited in practice to 100. Accordingly, the Decometer gives the 
fractional value of the lane in hundredths. Although the whole lane numbers are 
also given, the lane number must be initially set to the proper lane as established 
by other means. This is due to the lane ambiguity associated with the phase 
comparison method. As the vessel moves from one lane boundary to another, the 
fractional pointer of the Decometer makes one revolution. 

The complete reading of the red, green, or purple Decometer consists of the 
Decometer color, the zone letter, the lane number, and the fractional value of the 
lane. The zone is a group of adjacent lanes used for lane identification purposes. 
Each zone contains 24 red, 18 green, or 30 purple lanes and is about 10 kilometers 
wide measured along the baseline. As is the case with the lane number, the zone 
letter must be initially set by manual means. 

Since the zones are about 6 miles wide on the baseline, about 20 miles wide at 
100 miles from the stations, and about 50 miles wide at the edge of the service area, 
there is seldom any problem in setting the zone indication on the Decometer. 

The lanes in each family of hyperbolas are numbered differently: red 0-23, 
green 30-47, purple 50-79. These numbers recur in zones denoted by letters A to J. 
In cases where the master and slave are more than 10 zones apart, the zone 
lettering after J starts again at A. 

4349. Lane identification within a known zone is obtained by a process essen- 
tially the same as that of determining the fractional value of a lane. As the vessel 
moves from one zone boundary to another, the lane identification pointer of the 
Decometer makes one revolution against a scale marked in lane numbers. 

The lane identification transmissions emitted by Decca chains are classified as 
V1, V2, or Multipulse (MP). Most Decca chains emit either MP only or MP and V2 
combined; a few chains emit V1 or V2 only. Decca Mark V receivers can receive V1 
or V2 transmissions only; Mark 12 receivers can receive both MP and V-type 
transmissions; and Mark 21 receivers can receive only MP transmissions. Thus, 
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when operating within the coverage area of chains emitting V-type transmissions, 
the users of Mark 21 receivers must ascertain the correct lane number by other 
means. 

At distances in excess of 250°nautical miles from the stations of chains employ- 
ing MP lane identification and 150 nautical miles in the case of stations employing 
V-type lane identification, skywave contamination may be of sufficient intensity to 
cause the lane identification meter to malfunction, resulting in lane slip. The effect 
is most pronounced at night or during the darker part of twilight. Lane slip or 
incorrect lane identification can also result from interruption or disturbance of the 
Decca transmission, incorrect initial referencing of the receiver, or from snow static 
or electrical storms. 

Any interruption or disturbance of the normal transmissions of Decca stations 
is broadcast as a Decca Warning by the coast radio station in the vicinity. 

The Decca Navigator Operating Instructions and Marine Data Sheets provide 
comprehensive information on lane identification according to receiver type. 

In addition to providing initial lane identification within a known zone, lane 
identification provides an independent check on the lane counting process at any 
time. 

4350. Chain numbers.—Each Decca chain is identified by a number from 0 to 
10 used to denote a group of basic frequencies and a letter of A to F used to denote 
one of the six master frequencies in each group, except for group 10 which contains 
the A, B, and C frequencies only. Thus, there are 63 frequencies available for use 
with the several chains of the system. Mark V receivers can receive only the A, B, 
or C frequencies in groups 1 to 9, whereas Mark 12 and Mark 21 receivers can 
receive all 63 frequencies. Details are given in Pubs. Nos. 117A and 117B, Radio 
Navigational Aids, and volume 5 of Admiralty List of Radio Signals. 

4351. Inter-chain fixing is positioning by means of intersecting hyperbolas 
obtained from different multipulse type chains in situations where a better angle of 
cut is obtained thereby. This method of operation is particularly advantageous at 
the longer ranges when the user is unable to resolve zone ambiguity. In such 
operation the reading from the second chain is obtained from the lane identification 
readout.. Although the readout precision is only 0.1 lane, it is adequate for the 
purpose. 

The reliability of the multipulse lane identification is the main factor permit- 
ting interchain fixing, since the method would not be feasible if, on switching to the 
second chain, the correct lane number could not be ascertained immediately. Spe- 
cial charts overprinted with the appropriate pair of families of hyperbolas are 
available for certain areas where there is overlapping coverage from multipulse 
type chains. The transmitters for the two chains are not phase locked, and there- 
fore it is not possible to use combinations of transmitters from the two chains to 
provide new families of hyperbolas. 

4352. Accuracy and coverage.—The predictable accuracy (art. Q8) to be expect- 
ed of a Decca fix in a particular coverage area is given in diagrams in The Decca 
Navigator Operating Instructions and Marine Data Sheets and NP 275(5a), an 
appendix to volume 5 of the Admiralty List of Radio Signals. The accuracy is 
expressed in terms of dyms (art. Q7). The assumed standard deviation of each line of 
position is 0.02 mean lane. The probability is given as 68 percent. The diagrams in 
the Decca publication present the predictable accuracy according to time and 
season. 
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The predictable accuracy is affected by both random and fixed (systematic) 
errors. The random errors (art. Q4) are largely due to skywave interference with 
the groundwave, resulting in incorrect Decometer readings. The fixed errors (art. 
Q3) are largely due to errors in propagation prediction (art. 4339). The Decca lattice 
as overprinted on the navigational chart does not reflect compensation for differ- 
ences in the conductivities along the actual paths of the signals and the conductivi- 
ty along an all seawater path. Although the fixed errors are generally small, there 
are certain regions (e.g. certain coastal waters) where consideration should be given 
to them when fixing the vessel’s position. The Decca Navigator Operating Instruc- 
tions and Marine Data Sheets include diagrams showing the known corrections 
which should be applied to the Decca readings. However, it should not be assumed 
that a fixed error does not exist when a correction is not given. The corrections as 
given on the diagrams may be too sparse to permit a valid assessment of the 
correction to apply to the Decometer reading. In such case not too much reliance 
should be placed on the absolute or predictable accuracy (art. Q8). 

The repeatable accuracy of the system ranges from a few tens of meters by 
daytime in areas where the geometry is favorable to a few nautical miles in the 
presence of skywave interference by night at the limit of the range. 

The coverage of a Decca chain is determined primarily by the effects of 
skywave contamination of the groundwave rather than factors of signal-to-noise 
ratio or system geometry, and varies with the low frequency propagation conditions 
characteristic of different regions of the world. Ranges of 175 nautical miles by 
night and 350 nautical miles by day may be taken as representative when the 
transmission paths lie over seawater. 

4353. Decca Track Plotter.—It is possible to use an automatic track plotter 
with the Decca receivers, displaying and recording the track made good as a pen 
trace. This enables the vessel! to follow any desired or intended track. 

The hyperbolic lattice is represented on a special chart as a rectilinear inverse 
lattice so that, for example, the pen moves in response to the red pattern and the 
chart to the green. The pen therefore indicates the position of the vessel within the 
lattice and traces a continuous record of the track made good. Since the hyperbolas 
are represented as straight parallel lines intersecting at right angles, a certain 
amount of distortion occurs, but provision is made for reducing this distortion to an 
acceptable level. However, if a geographically straight track appears on the chart as 
a curve, steering the vessel so as to keep the pen on the curve will result in the 
intended track being made good. 


Consol 


4354. Consol is a long range azimuthal radionavigation system of low accuracy 
operated primarily for air navigation. Although not sufficiently accurate for coastal 
navigation or making landfall, the system can be useful to the marine navigator as 
an aid to ocean navigation. . 

A Consol station consists basically of a medium frequency (MF) radio transmit- 
ter with three antennas in line, equally spaced apart at a distance of the order of 
three times the wavelength of the transmitted frequency. The three antennas are 
fed with signals in such a manner that radial patterns of alternate dot and dash 
sectors are formed, separated by the equisignal, the whole pattern rotating through 
one sector width within a transmission cycle. An observer will therefore hear the 
equisignal between the dot and dash signals once per transmission cycle. A count of 
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the dots and dashes will give the angular position within a sector. This sector has to 
be identified either by direction finding methods or some other form of navigation. 

Since the radial sectors are not formed close to the transmitting site, there is a 
minimum range limitation within which the system cannot be used. This is usually 
taken to be 25 to 30 nautical miles from the site. There is also a sector 30° on either 
side of the baseline extension which is not usable because of pattern distortion. 

The system is described as azimuthal even though it is basically a hyperbolic 
system. As discussed in article 4303, a system can be considered directional (azi- 
muthal) beyond a distance of a few miles from the station if the baseline is very 
short. 

Sometimes Consol is classified as a radiobeacon because of the frequency of 
operation and being azimuthal. 

A modified form of Consol called Consolan was developed in the United States. 
In this system only two antennas are used. 

In the U.S.S.R. a further modification of Consol is in use. This system, called 
BPM5, uses five antennas in the form of a cross to obtain narrower dot and dash 
sectors. 

The main advantage of Consol is that the signal can be received on a standard 
communications receiver. 

4355. The signal from the Consol transmitter consists of two parts, the trans- 
mission of the call sign, sometimes with a continuous wave signal, and the trans- 
mission of the rotating pattern (navigational period). The duration of the total 
transmitting cycle is not the same for all stations, but the navigational period has 
been standardized at 30 seconds. If the call sign only is sent in addition to the 
navigational cycle, the total signal duration is 40 seconds. When the continuous 
wave signal is incorporated, the total signal duration is 60 seconds. The call sign 
and the continuous wave signal are transmitted only from the center antenna in 
the Consol system. They can be used for coarse tuning or direction finding purposes. 

The signals can be received by any medium frequency receiver operating in the 
maritime radionavigation band and suitable for receiving Al telegraphy. The range 
and accuracy of the signal is affected by receiver selectivity, increasing as the 
selectivity increases, although above 100 Hz there is little increase in either range 
or accuracy. Some experience in the use of the system is found to be necessary to 
obtain the best results, especially if the signal is weak or there is excessive back- 
ground noise. 

Some special adaptors and receivers have been produced for use with the 
Consol system. These do aid in the counting of the dots and dashes. One such 
adaptor uses a meter indication in which dots give a deflection to one side of the 
center position and dashes give a deflection to the other side. An automatic Consol 
receiver displays a digital readout of the dot and dash count. This receiver can 
compensate, within certain limits, for missing characters when the equisignal condi- 
tion is masked by noise. 

4356. Method of use.—Procedures for using Consol and Consolan and the tables 
for converting dot and dash counts to true bearings from the station are given in 
Pubs. Nos. 117A and 117B, Radio Navigational Aids, and volume 5 of Admiralty 
List of Radio Signals. These bearings must be corrected for conversion angle (tab. 1) 
before plotting on the Mercator chart. 

Figure 4356 shows what the observer will obtain in the receiver, depending on 
his position within a dash or dot sector. At the beginning of the keying cycle, the 
equisignal lines will be as shown, with the dash and dot sectors on either side. 
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During the navigational period, these lines will rotate as shown, pushing the 
various sectors in front of them. There are 60 dots or dashes in each sector. 
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FicureE 4356.—Signal reception. 


Consider first an observer at P, within a dash sector. As the pattern rotates a 
number of dashes will be heard before the equisignal condition. As the pattern 
continues to rotate, the equisignal will resolve into dots. By counting the number of 
dashes, the angular displacement from the equisignal line £, can be obtained. 

Then consider an observer at P, within a dot sector. As the pattern rotates, a 
number of dots will be heard before the equisignal, followed by a number of dashes. 
In this case, the count of the number of dots will give the angular displacement 
with respect to the equisignal line Fz. 

Due to the fact that the dots and dashes merge into the equisignal, it is 
difficult, in the equisignal, to distinguish between the dot and dash signals. In 
theory the total number of dashes and dots heard by the observers at P, and Pz 
should in each case be 60. In practice this is not the case, there being a period of 
confusion around the equisignal time. In order to obtain an accurate assessment of 
the true count, the total number of dots and dashes heard during one navigational 
period is subtracted from the theoretical total count, that is 60. Half the resultant 
figures is then added to the original count of dots or dashes. 

As an example, take the case where the theoretical dash count should be 25, 
but the actual count is 23 followed by a dot count of 33. This gives a total dot and 
dash count of 56. This is subtracted from the total theoretical count of 60 giving a 
figure of 4. Half this, 2, is added to the dash count of 23 to obtain the assessment of 
the true count of 25 from the equisignal line. This count is then referred to a Consol 
chart of tables to give the bearing from the station within the dash sector. The 
sector itself is identified either by radio direction finding or other navigational 
means. 

4357. Accuracy.—The number of dot and dash sectors, and therefore the accu- 
racy of the Consol line of position is dependent on the baseline length, nA, between 
the inner and each outer antenna. Since the wavelength is fixed for each station, 
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the number of sectors will therefore depend upon n. For any given value of n, there 
will be 8n equisignal lines in the full 360° coverage. For practical purposes the 
value of n is usually taken as three. In this case the equisignal lines will be at 
angles of 0°, +9°6, +19°5, +30°,\+41°8, and +90° from the normal to the baseline 
through the center antenna. In the last sector on each side, about 34° wide, the 
rotation speed of the equisignal line is not constant, especially at the beginning of 
the navigational cycle when it will be a maximum. The readings in these sectors 
are therefore normally taken as unreliable. In the remaining sectors the widths 
vary from about 10° to about 14°, with an average of 12°. Hence, if there are 60 dot 
and dash elements in each sector, the resolution will be 12°/120=0°1. By increasing 
n, the number of wavelengths in the baseline, the width of the unuseable sector is 
reduced and the resolution accuracy increased. 


Figure 4357.—Fixed equisignal curves at close range. 


The minimum distance below which the system cannot be used is due to two 
factors, the presence of fixed equisignal curves (fig. 4357) and the fact that at close 
range the equisignal lines are hyperbolic rather than radial or azimuthal. For the 
first factor it can be shown that where n (in wavelengths) is distance between the 
center and outer antennas, and A is the wavelength, the minimum distance is given 


by 
16n?2—1 
D= Dre 
8 


Hence, if n is 3 and d is 1 kilometer, D is 18 kilometers, so that at 20 kilometers 
and above, the fixed equisignal lines will not adversely affect bearings. 

For the second factor or the case where the hyperbolas have not yet become 
asymptotic with the radial lines, the error in bearing is given by 
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where @ is the bearing. The bearing error ¢ always has the same sign in each 
quadrant as the error is always on the same side of the radial line. The error is 
maximum when bearing @ is 45° from the perpendicular bisectors. Table 4357a gives 
some values for the errors for different ranges and different bearings. 

Table 4357a shows that the error is reduced with increase in range. At 50 
kilometers the mean error is 2 minutes of arc; however, at the higher angles, this 
will be increased to 3 minutes of arc. When this error is combined with the 
minimum resolution error of 0°1, the minimum error becomes 8 minutes of arc. 
This minimum error will vary with the observer’s position within the sector and his 
range and bearing from the station. This error is due entirely to the system itself, 
and will be the minimum system error. There are other factors which will affect 
the accuracy of the measured bearing. 


Error in minutes of arc for angle of ATi or or eahie 


Distance (D) (km) 


0° 15° 30° 4° 60° sector (minutes of arc) 
20 0 10 Ney 19 17 1 
30 0 4 Us 8.5 ie) 4.5 
40 0 2 4 5 4 ed) 
50 0 1) 3 3 3 2 
60 0 1 2 2 2 1 
70 0 1 1 1.5 1 iL 
80 0 I aL 1 1 1 


TABLE 4357a.—Values of error for different ranges and different bearings. 


The overall accuracy of the system is dependent on a number of factors in 
addition to the system errors described above. These include asymmetrical phasing 
errors in the signals from the inner and outer antennas, phasing and amplitude 
errors in the signals from the outer antennas, propagation errors, and incorrect 
functioning of the receiver. 

Phasing errors affect the width of the equisignal zone or its position, but these 
errors are normally corrected by a monitoring station. 

Propagation conditions can introduce errors which cannot be corrected at the 
transmitting site. These are the errors which have the most effect on bearing 
accuracies. These errors can include: 

1. those caused by a curved propagation path, giving a fixed bearing error; 

2. those caused by a difference in propagation conditions between the outer 
antennas and the angular error which increases with bearing; and 

3. those due to phase differences in groundwave and skywave path lengths. 

At any receiving point, it is the stronger of the groundwave and skywave 
signals that will be detected. During daylight groundwaves predominate up to a 
range of about 150 nautical miles, while skywaves predominate at ranges greater 
than about 500 nautical miles. Between these two ranges is an area where skywave 
errors could cause problems. 

In addition to the signal errors, it is also possible for the receiver on the vessel 
to introduce errors. If a loop antenna is used and it is set to a minimum signal 
condition as may be used for obtaining a direction finder bearing using the first 


1064 RADIONAVIGATION SYSTEMS 


part of the transmission, and readings are then taken during the navigational 
period of the transmission, large errors could result since the groundwave signal 
would be at a minimum while the skywave signal would be at a maximum, thus 
“swamping” the groundwaves. Therefore, it is essential that either the loop antenna 
be aligned for maximum signal during the navigational period or that a vertical 
antenna be used. 

An automatic gain control in a receiver can cause difficulty in determining the 
equisignal. This determination is based upon the relative magnitudes of the two 
signals, while the function of the automatic gain control is to equalize the signal 
amplitudes if possible. Therefore, the observer should insure that the automatic 
gain control is not in operation during the period of counting the dots and dashes. 

In general it is found that the bearing error increases with range, both day and 
night. The systematic errors are usually small except over rough ground. Skywave 
systematic errors, although large at some ranges, are usually smaller than the 
random errors. Table 43857b shows typical random errors of count under different 
conditions. The probability is given as 95 percent. 


Day range (nautical miles) Night range (nautical miles) 
Over land Over sea 0-150 250 350 450 Over 550 
4 2 2 8 14 10 4 


TABLE 4357b.—Typical random errors of count under different conditions for a probability of 95 percent. 


Table 4357c shows the 2 o (art. Q6) errors of Consol lines of position. 


Day range (nautical miles) Night range (nautical 
miles) 


Angle from normal Over sea Over land 


300- 
250 500 1000 ~—-250 500 100, 000-~—-1900 


On normal 1.5 3 6 3 6 0.5 10 18 
60° 3 6 12 6 12 il 20 36 
{fixe 6 12 24 12 24 2 40 72 


TABLE 4357c.—Errors of Consol lines of position in terms of 2 o. 


If a number of counts are taken sequentially and the mean value is used to 
obtain the bearing, the error should be less than shown in table 4357c. 

4358. The operational range of the system is a function of the power transmit- 
ted from the three antennas. The total power from the transmitter is divided 
among the three antennas during the navigational period, the power from the 
center antenna being greater than that from the outer antennas by a factor of k. 
This factor then has an influence on the range. However, as k is increased the 
available power from the outer antennas is decreased, making it more difficult to 
count the dots and dashes in the presence of noise. For optimum operation of the 
system, the factor k is normally four. 

The distance at which the signals can be used properly depends on propagation 
conditions as well as the ratio of signal to outside interference or to receiver noise. 

Figure 4358 shows the field strength at different ranges in the case of a 1 kW, 
275 kHz transmitter. Curves a, 6, and c refer to groundwave propagation during - 
daylight hours when skywaves at this frequency are heavily absorbed in the upper - 
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atmosphere. At night, however, the skywaves are reflected and can be received at 
great distances. It is much more difficult to predict field strengths under these 
conditions as the reflected waves are subject to variable absorption. However, curve 
d shows a typical mean level. It can be seen that, except at short ranges, the 


skywave signals received at night are in general stronger than the groundwaves 
received during the day. 


The operational range of a Consol station depends not only on its output power 
and the time of day, but also on the receiver noise figure and outside interference 
levels. As an average, the maximum range is considered to be between 500 and 
1,200 nautical miles by day and between 900 and 1,500 nautical miles by night. 

10000 


1000 


100 


uV/m (d) 


10 


(c) 
(b) 


100 200 300 400 500 600 700 800 900 1000-1100 
Nautical Miles 


Ficure 4358.—Typical field strength curves. 


CHAPTER XLIV 


SATELLITE NAVIGATION 


4401. Introduction.—The Navy Navigation Satellite System (NAVSAT) is the 
operational satellite navigation system of the United States. It is all-weather, world- 
wide, and passive. The system’s accuracy is better than 0.1 nautical mile anywhere 
in the world, on land and sea. It is available to all civilian users of the world. The 
system is used primarily for the navigation of surface ships and submarines; it has 
some application in air navigation. It is also used in hydrographic surveying and 
geodetic position determination. The system is also known as TRANSIT. 

The NAVSAT system utilizes the doppler shift of radio signals transmitted 
from the satellite to measure the relative velocity between the satellite and the 
navigator. Knowing the satellite orbit precisely, the navigator’s absolute position 
can be accurately determined from this time rate of change of range to the satellite. 
The satellites also transmit timing signals which provide time automatically. Fre- 
quency accuracy is better than 1 part in 10 billion for precise determination of the 
doppler shift; the time is given in Coordinated Universal Time (UTC) to within 200 
microseconds (usually 20-50 microseconds). 

NAVSAT was conceived and developed by the Applied Physics Laboratory of 
the Johns Hopkins University for the U. S. Navy. The operation of the system is 
under the control of the U. S. Navy Astronautics Group with headquarters at Point 
Mugu, California. 


System Configuration and Operation 


4402. The Navy Navigation Satellite System (fig. 4402a) consists of a constella- 
tion of orbiting satellites, a network of tracking stations that continuously monitor 
the satellites and update the information they transmit, and any number of user 
equipments composed of receivers and computers. 

Each navigation satellite is in a nominally circular polar orbit at an approxi- 
mate altitude of 600 nautical miles. The orbital planes of the satellites intersect at 
the earth’s axis of rotation and are spaced apart in longitude. Thus, the orbital 
paths cross at the North and South Poles (fig. 4402b). Although the orbital planes 
remain nearly fixed in space, the satellites appear to traverse the longitudinal 
meridians as the earth rotates beneath them. There are usually five satellites 
operating in the system, and these provide navigation fixes anywhere on the earth 
on nearly an hourly basis. Five satellites in orbit provide redundancy; the minimum 
constellation for system operation is four. This redundancy allows for an unexpect- 
ed failure of a satellite and the relatively long period of time desired to schedule, 
prepare for launch, and orbit a replacement satellite on an economical basis (not an 
emergency basis). This redundancy also provides for turning off a satellite when (on 
rare occasions) its orbital plane precesses near another satellite’s plane, or when 
the timing (phasing) of several satellites in their orbits are temporarily such that 
many satellites pass nearly simultaneously near one of the poles. 

Each satellite orbits the earth in approximately 106 minutes. Throughout its > 
useful life, each satellite continuously transmits the following phase-modulated data 
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Figure 4402b.—Satellite orbital distribution. 


as two messages on two radio frequency carriers (150 and 400 MHz): (1) 2-minute 
mark synchronization signals, (2) a 400 Hz audible “beep” signal, and (8) fixed and 
variable parameters describing its own orbit. The fixed parameters describe the 
satellite’s approximate orbit and typically are used only for a 16-hour interval. The 
variable parameters describe the fine structure of the orbit as a function of time 
and are correct only for the time at which they are transmitted by the satellite. 
Thus, the satellite memory stores sufficient variable parameters to describe the 
orbit at 2-minute intervals between subsequent injections of data. Each transmis- 
sion is timed so that the end of the 78th bit of each 2-minute message (the last bit of 
the synchronization signal), coincides with the integral 2 minutes of UTC. Thus, the 
satellite transmissions also serve as an accurate time reference for all navigators. 

All data transmitted that does not change, such as synchronization and identifi- 
cation signals, etc., are “wired” into the satellite memory. All data that changes 
with time, such as the orbit parameters, are replaced at 16-hour intervals by a 
transmission from an injection station. 

To determine accurately its present and future orbit for the 16-hour interval 
after data injection, each satellite is tracked as it passes within radio line-of-sight of 
each of the four fixed tracking stations. The tracking stations are located in 
Hawaii, California, Minnesota, and Maine. Each station includes equipments which 
receive and decode the satellite transmissions, and a directional antenna that is 
programmed to automatically point toward the satellite throughout the duration of 
the pass. The antenna directivity offers an additional measure of discrimination 
against spurious signals from local transmitters and ensures tracking of the select- 
ed satellite during those instances when two satellites converge within radio line-of- 
sight. 
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Programming data for pointing the station antennas either originate at the 
central computing center and are routed through the control center to the tracking 
station, or are locally derived at the tracking station. Just before the satellite time- 
of-rise, the antenna at the tracking station is pointed to acquire the satellite 
signals. As the satellite rises above the horizon, the antenna continues to follow the 
pass, enabling the frequency tracking loop of the radio receiver at the station to 
“lock onto” the signals. The receiver and data processing equipment decode and 
record the satellite message. The doppler signal is digitized and sent with satellite 
time measurements, via the control center, to the central computing center. 

The central computing center continually accepts satellite data inputs from the 
four tracking stations. Periodically, to obtain the orbital parameters for a satellite, 
the central computing center computes an orbit for each satellite that best fits the 
doppler curves obtained from all tracking stations. Then, using the computed orbit- 
al shape, the central computing center extrapolates the position of the satellite at 
each integral 2 minutes in Coordinated Universal Time for the next 16 hours 
subsequent to data injection. The data, together with commands and time correc- 
tion data for the satellite, and antenna-pointing orders for the injection station 
antennas, are supplied to the four injection stations located in Hawaii, California, 
Minnesota, and Maine via the control center. 

The injection stations, after receiving and verifying the incoming message from 
the central computing center, store the message until it is needed for transmission 
to the satellite. Just before a satellite’s time-of-rise, the injection station antenna is 
pointed to acquire, “lock on’’, and track the satellite throughout the pass. As soon 
as the receiving equipment at the injection station receives and locks onto the 
satellite signals, the injection station transmits the new injection data and com- 
mands to the satellite. Transmission to the satellite is on a frequency different from 
those used by the satellite, and the bit rate is much higher; thus, injection is 
completed in a matter of seconds and does not disturb use of the satellite for 
navigation. 

The next integral 2-minute transmission by the satellite during the pass con- 
tains part of the newly injected data. In the injection station, this read-back is 
compared with the data that the satellite should be transmitting as a check for 
injection errors. Because most of the newly injected data (the variable parameters) 
will not be transmitted until the appropriate time during the satellite orbit, the 
initial read-back from the satellite includes parity check data. These data provide 
for error detection of the variable parameters so that the injection station can 
verify that the parameters were received correctly. If no errors are detected, injec- 
tion is complete. If one or more errors are noted, injection is repeated at 2-minute 
intervals (updating the variable parameters as necessary) until the satellite trans- 
mission is verified as being correct or until the satellite is no longer available for 
data injection. 

Once data injection is complete, the satellite continues to transmit its normal 2- 
minute messages. Any time corrections for the satellite clock and any commands 
for the satellite (such as changeover to the standby oscillator, cease transmission, 
etc.) also are performed during the period of data injection. These precautions 
ensure that the navigation equipment, which depends on accurate satellite data for 
determining its position, is provided the best possible data from each satellite. Any 
time that the satellite is within radio line-of-sight of the navigation equipment and 
has a maximum elevation at time of closest approach between 15° and 75°, the 
satellite transmission can be used to compute the exact position on earth of the 
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navigator, although good data can be received frequently when the satellite is not 
within these elevation requirements. 

4403. Navy Navigation Satellites are launched into nearly exact polar orbits 
from Vandenberg Air Force Base, California by four-stage, solid-fuel Scout rockets 
(fig. 4403). These polar orbits are nearly circular at nominal altitudes of 600 nauti- 
cal miles. The orbits are circular in order to attenuate acceleration and deceleration 
characteristics of elliptical orbits, and polar to reduce the precession of orbital 
planes which results in eventual overlap. 

Although successive models may differ, each satellite contains: (1) receiver 
equipment to accept injection data and operational commands from the ground, (2) 
a decoder for digitizing the data, (3) switching logic and memory banks for sorting 
and storing the digital data, (4) control circuits to cause the data to be read out at 
specific times in the proper format, (5) an encoder to translate the digital data to 
phase modulation, (6) ultrastable 5 MHz oscillators, and (7) 1.5-watt transmitters to 
broadcast the 150- and 400-MHz oscillator-regulated frequencies that carry the data 
to earth. 

4404. Configuration.—The satellites (sometimes called operational, OSCAR, or 
NOVA satellites) weigh 116 pounds and have their antenna and solar cell panels 
configured for a nominal circular polar orbit at an altitude of about 600 nautical 
miles. Each satellite is an octagonal cylinder 18 inches wide and 12 inches high, and 
has four solar cell panels that extend from four of eight faces (fig. 4404a). These 
four panels fold down around the fourth stage of the Scout rocket during launch, 
and are held by wires which also serve as a “yo-yo” despin mechanism after the 
fourth stage has fired. When released, the blades are erected into the position 
shown by swinging “door hinges.’’ Subsequently, the external configuration is modi- 
fied by extending a 100-foot boom from the top of the satellite. The boom has a 3- 
pound weight at the end in order to achieve gravity-gradient stabilization, so that 
the bottom of the satellite containing the antennas always points toward the 
ground. 

A follow-on version of the operational satellites, designated NOVA (figure 
4404b) was launched in 1981. NOVA contains a number of improved features; 
however, it is not possible to distinguish between OSCAR and NOVA except for a 
minimum of 38 to 4 dB signal enhancement from the improved antenna and trans- 
mitters. 

4405. Stabilization.—The operational satellite and the last stage of the Scout 
rocket are despun soon after achieving orbit by the yo-yo technique (art. 4404). The 
yo-yo immediately reduces the spin to a few percent of the spin rate of the fourth 
stage (spin-stabilized) Scout rocket. This small residual spin is removed by incorpo- 
rating long, thin rods of a magnetic material which exhibit substantial magnetic 
hysteresis in the solar panel blades. These hysteresis rods are inductively magne- 
tized by the earth’s magnetic field in alternate directions as the satellite spins. The 
hysteresis loss involved in this process takes energy from the satellite rotation and 
shows up as heat energy in the rods. This process slows the rotation rate to zero 
within less than a day. When the spin rate reaches zero, an electromagnet is 
activated along the vertical axis to align itself with the earth’s magnetic field line. 
The hysteresis rods in the solar cell blades provide damping for the resulting 
magnetic attitudes stabilization. Within another day, the librations (oscillations) of 
the satellite about the local magnetic field have damped out sufficiently so that the 
satellite axis is always within 10° of the local magnetic field direction. 
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Courtesy of Applied Physics Laboratory, 
The Johns Hopkins University. 


Figure 4403.—Scout launch of Navy Navigation Satellite. 


As the satellite passes over the north magnetic pole, it is vertical, with the 
bottom side of the satellite pointing toward the earth. At this point a command 
from the ground turns the electromagnet off, and the 100-foot boom is extended. 
Thus, during its time in orbit, the satellite always points its antennas toward the 
earth. This attitude is maintained because of the difference in the level of gravity 
at the satellite and at the end of the boom. In this “sravity-gradient” stabilization 
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mode, the hysteresis rods provide enough damping to bring the librations below 10° 
within a day or two. This orientation makes it possible for the satellite to send most 
of its transmitted power toward.the earth, and for circular polarization to be used 
so that no loss results from Faraday rotation in the ionosphere. In addition, the 
transmitter antenna shapes the beam so that more power is transmitted at large 


Figure 4404b.—The NOVA Satellite. 
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angles, so that at any moment the received power anywhere above the satellite’s 
horizon is about the same. 

4406. Power and thermal design.—The power system is based on solar cells 
that charge a set of sealed nickel-cadmium batteries and provide power during the 
dark portion of each orbit. The solar cells initially provide 30 watts of power when 
the satellite is launched. After 5 years of exposure to the radiation present in the 
space environment, 25 watts are still available, which is sufficient to power the 
satellite. A major problem with near-earth satellite design is caused by the varia- 
tion in sunlight as the orbit plane precesses with respect to the terminator. A polar 
satellite near the earth has two extended periods each year during which the 
satellite is continuously in sunlight. This is often referred to as the dawn orbit 
since it corresponds to the time when the satellite passes overhead at approximate- 
ly local sunrise (and, of course, sunset). At the other extreme, there are two periods 
each year during which the sun is nearly in the orbital plane; during this period, 
the satellite is in darkness for 33 percent of each orbit. This is known as the noon 
orbit because the satellite passes overhead near the time of local noon (and, of 
course, midnight). The satellite design assures that both the thermal balance and 
the power balance are acceptable under these two extreme situations. 

For a gravity-gradient stabilized satellite, it is true that when the satellite is in 
constant sunlight (dawn orbit) the sun always “looks” at the side of the satellite 
whereas for the minimum sunlight case (noon orbit) the sun “looks” at the top and 
part of the edge of the satellite. Accordingly, by carefully choosing the ratio of the 
top area to the projected area of the sides, the total thermal input during a full 
orbit is approximately the same in both the dawn and noon orbits. Similarly, by 
canting the antenna blades on which the solar cells are mounted to the proper 
angle, the total power input from the solar cells is made approximately the same in 
both the dawn and noon orbit cases. 

In the operational satellite the use of this technique has made it possible to 
provide automatic temperature control that is accurate to a few degrees by means 
of thermostats and heaters and, further, to have acceptable temperature limits even 
if the automatic temperature control system fails. 

4407. Packaging techniques.—The operational navigation satellites are relative- 
ly simple from a mechanical standpoint. There are no tape recorders or television 
cameras and, in fact, no moving parts other than command relays, which are 
operated very infrequently. However, they do contain some 35,000 magnetic 
(memory) cores and 6,200 other electronic components. In order to reliably package 
this equipment within 140 lbs (a Scout rocket compatible payload), it is necessary to 
use modern packaging techniques. Welded “cordwood” construction with a package 
density of 50,000 parts per cubic foot is used wherever applicable. Of the 46,000 
permanent electrical joints in the electronics, 40,000 are welds and only 6,000 are 
solder connections. Generally, except in telemetry functions which can be lost 
without destroying the operational usefulness, redundant wiring and redundant 
solder connections are used. The use of mechanical connectors (plugs) in electrical 
circuits is kept to an absolute minimum, and, where plugs must be used in critical 
circuitry, complete redundancy is provided. In most places where plugs would 
normally be used, wire-wrapped connections are used. 

4408. Memory organization.—The information on satellite position required for 
navigation is stored in a magnetic core memory and transmitted as phase modula- 
tion on the two basic stable frequencies used to generate the doppler shift. The 
modulation pattern is quite symmetrical so as not to introduce an error in the 
measurement of doppler. The specific modulation patterns that are to be interpret- 
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Figure 4408.—Phase modulation waveforms. 


ed as “zero” or “one” are shown in figure 4408. 

The memory, which is read out every 2 minutes, contains 156 words of 39 bits 
each, plus an additional 19 bits. The great majority of these words are not required 
for navigation but disseminate other information. The first two words are simply a 
fixed pattern of “zeros” and “ones” used to recognize the start of a message and to 
establish synchronization of the ground equipment with the satellite transmissions. 
Thereafter, the words with specific significance for navigation are a total of 19 
words divided into 2 sets, an initial set of 8 so-called “ephemeral words” (consisting 
of word numbers 8, 14, 20, 26, 32, 38, 44, and 50) and a set of 11 fixed parameters 
that are changed only by injection. 

Because of the departure of the earth’s gravity field from that of an ideal 
spheroid, atmospheric drag, solar photon pressure, attraction by the sun and moon, 
etc., the satellite orbit cannot be given accurately by algebraic equations. However, 
there is an algebraic description using 11 orbit parameters which affords a good 
approximation and is simple to compute in navigation equipment. The deviations 
of the actual orbit from this 11-parameter algebraically described orbit are small 
and require relatively little satellite memory to store a complete set, each 2 minutes 
for 16 hours. The appropriate deviations of the actual orbit are transmitted each 
integral 2 minutes of UTC and are the eight ephemeral words mentioned above. 

After injection, the main memory is simply read out serially every 2 minutes 
until a new injection takes place—all main memory words being unchanged during 
the interval between injections (usually about 12 hours). However, the ephemeral 
words must be advanced on every 2-minute memory readout, and are not stored in 
the main memory. Specifically, consider the memory readout that lasts from t 
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minutes to ¢+2 minutes. The eight ephemeral words will contain the orbit devi- 
ations appropriate to the times t—6, t—4, t—2, t, t+ 2, t+4, t+6, and ¢+8, respec- 
tively. Thus, on each successive readout, the ephemeral words are moved upward 
(advanced) so that word number 8 in the previous readout is discarded and replaced 
by the previous word 14, the old word 14 is replaced by the old word 20, etc., and 
finally a new word 50 is transmitted. This new word is transferred from a separate 
memory in the satellite known as the ephemeral memory, which is filled at the 
time of injection. On each memory readout, a single 39-bit word is “transferred 
across” to fill word 50 in the main memory. The ephemeral memory contains 480 
words, and since a fresh word is used every 2 minutes, the ephemeral memory is 
used up in 480 2=960 minutes, or 16 hours. Thus, a new injection must be made 
within 16 hours to prevent the ephemeral memory from running out. It should be 
noted that each word in the ephemeral memory is read out 8 successive times, first 
as word 50, then as word 44, etc., finally as word 8 and then is discarded. Notice 
also that a single 2-minute memory readout gives orbit information for a full 14- 
minute interval, spanning the time of readout symmetrically. 

4409. Timing.—The orbit readout rate is controlled by counting down from the 
basic stable oscillator. However, in spite of the excellent stability of the satellite 
oscillator, there are long-term drifts that slowly change the basic oscillator frequen- 
cy during the life of the satellite. Thus, to keep the memory readout period accurate 
at integral 2 minutes of UTC, it is necessary to modify the countdown of the 
oscillator. This is done by using the special bit of each 39-bit word in the main 
memory as a signal to determine whether or not to suppress a single count in the 
countdown process. This is done at a point where a single count has a value of 10ys. 
Thus, a total variation of 156 10us=1.56 ms in each 2 minutes is available. With 
only this level of adjustment, time correction may not be sufficient for a 12 hour 
period. Thus, a fine adjustment is available by inserting an appropriate count 
suppression signal in the ephemeral memory. Each ephemeral memory correction 
bit is used only once and then discarded. 


Use of the System 


4410. Equipment developed for Navy Navigation Satellite System use includes 
the AN/BRN-3, AN/SRN-9, AN/WRN-5, and AN/SRN-19 radionavigation sets. 
The AN/PRR~-14 Geoceiver was developed for using NAVSAT for geodetic position 
determination. Several commercial radionavigation sets are also available for use 


with NAVSAT. 


AN/BRN-3 Radionavigation Set 


4411. AN/BRN-3 Radionavigation Set was developed and deployed in the 
1960’s as a result of several programs and U. S. Navy contracts. Active development 
of major units was initiated by the Applied Physics Laboratory of The Johns 
Hopkins University in late 1960, with requests for technical proposals from indus- 
trial suppliers. In about 1 year the first prototype had been developed, tested, and 
delivered to the Applied Physics Laboratory to be used in the development of the 
total Navy Navigation Satellite System, and to be used as a standard for procure- 
ment control of follow-on prototype and production units. By 1964, the total system 
had matured and was operational with regular service being provided to the fleet 
ballistic missile (FBM) submarine forces while on patrol. 
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The AN/BRN-3 is a complex, multi-unit radionavigation aid whose purpose is 
to compute accurate ship’s position using satellite orbital data and measurements of 
doppler shift to the received satellite reference signals. The position data are 
provided to the Navigation Control Console (NCC) via the Navigation Data Assimi- 
lation Computer (NAVDAC) for the calibration and adjustment of the Ship’s Iner- 
tial Navigation System (SINS) so that continuous navigation is possible with accura- 
cies sufficient for POLARIS or POSEIDON fleet ballistic missile (FBM) targeting. 
All units are designed for the special military environments prevailing in the FBM 
submarine application. 

During the production years the Sperry Rand Corporation was designated the 
prime contractor for AN/BRN-3 procurement, deployment, and maintenance in the 
fleet. Applied Physics Laboratory of The Johns Hopkins University was retained 
and continues to provide technical services. The principal components of the system 
are: (1) radio receiver and RF amplifier/power supply, (2) RF antenna, (3) data 
processor/computer, (4) tape punch and reader or magnetic tape unit, and (5) 
typewriters. Figure 441la shows a typical FBM submarine installation. 

The AN/BRN-3 Radionavigation Set, in conjunction with the SINS and other 
navigational aids, has a primary function of providing continuous submarine navi- 
gation with global, all-weather coverage and high accuracies sufficient to provide 
position references for POLARIS and POSEIDON missile targeting. The Navy Navi- 
gation Satellite System and the AN/BRN-3 provide highly accurate position fixes 
(at intermittent times dependent upon satellite availability in the local area and at 
the discretion of the submarine commander) from which a calibration of the SINS, 
relative to a standard earth coordinate system, can be made to indicate the compen- 
sating adjustments necessary to remove the effects of inertial system anomalies and 
drifts. 

In addition to FBM submarine installations, the AN/BRN-3 has been used for 
special missions aboard surface ships. Several units are installed in training cen- 
ters, instrumentation ships, and research centers. 

In addition, each operational station of the navigation satellite ground support 
subsystem uses the AN/BRN-3 receiver for satellite tracking and orbit determina- 
tion rather than for navigation. The AN/BRN-3 has been used as a standard for 
performance comparison with other alternative navigation sets and for performance 
evaluation of newly launched satellites prior to their acceptance into official Navy 
operational service. 

The AN/BRN-3 receives navigation satellite signals on the 400 and 150 MHz 
channels from which it measures doppler shift versus time and recovers “message”’ 
data from the modulation. It receives ship’s velocity information and position 
estimates from SINS, timing from the ship’s clock, and operational commands from 
the ship’s navigation center. Data other than the satellite signal-derived informa- 
tion are received via the ships NAVDAC computer. The AN/BRN-3 computes from 
these inputs the ship’s position at sea to a high accuracy and provides the informa- 
tion for printout at the Navigation Control Center (NCC). 

In addition, the AN/BRN-3 computes from its data memory (which is updated 
by new message data recovered during each satellite pass reception interval actual- 
ly taken), predictions, and information for the selection of usable future satellite 
passes from those that will be available within a time interval surrounding the next 
desired SINS calibration time. The prediction is based on a constellation of up to 
eight navigation satellites and the ship’s estimated position. The information pro- 
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vided includes predictions of time of satellite rise (when the radio signal can be 
received) and the value of the doppler shift. 

From a model of the total system, the AN/BRN-3 computes forcing functions 
for the enhancement of its own performance. It generates driving signals to assist 
the radio receiver in the acquisition and tracking of satellite radio signals so as to 
minimize the loss of information due to temporary failure to coherently track the 
signal as a result of its temporary disappearance due to spray and wavewash over 
the antenna at the sea surface. The system is decision directed and self-adaptive in 
the selection of operating mode and receiver tracking bandwidths. The AN/BRN-3 
has self-diagnostic features for routine maintenance, pre-pass readiness checks to 
avoid abortive surfacing by the submarine for satellite reception, and for perform- 
ance enhancement of the operational mode. The normal operation is completely 
automated although a full complement of controls and monitors are provided for 
manual operation. 

Some of the important features and design characteristics of the AN/BRN-3 
Radionavigation Set are: 

1. For navigation the system uses iterative least squares curve fitting routines 
to match doppler information measured from received signals to doppler informa- 
tion that is predicted for the best estimate of the prevailing satellite-navigator 
dynamic geometry. A very large number of measurements are made on received 
signals to generate, in effect, a smoothed curve of observed doppler shift versus 
time. 

2. Doppler measurements are made using the set’s local clock to determine the 
time interval in microseconds that is required for a preset digital doppler shift 
counter to overflow when the doppler shift is offset about a reference frequency of 
55 kHz. Each doppler information sample therefore constitutes a nominal short (1 
second) count, the actual interval varying between about 0.8 to 1.4 seconds for 
satellites at an altitude of 600 nautical miles. 

3. Provisions are made in the data processor for the validation and qualification 
of each doppler measurement sample and for selective grouping of qualified points 
to obtain a distribution versus time during the satellite pass which will provide the 
greatest efficiency in total time spanned and accuracy of the fix computation. Entry 
to the navigation fix computation routines requires 165 doppler data samples. After 
editing and grouping, 70 fully qualified data points are required for final fix 
computation—35 prior and 35 following the time of closest approach (TCA) between 
the satellite and submarine. This data processing is subject to software program- 
ming. 

4. The radio receiver combines in analog circuitry the prevailing doppler shifts 
as received and reconstructed from each of the 400 and 150 MHz satellite carrier 
signals, thereby automatically compensating for refraction errors due to the elec- 
tron density in the ionosphere (art. 4429). The analog combining circuitry generates 
a single signal for doppler measurement which is representative of signal propaga- 
tion through nonrefracted vacuum. Due to the scaling factors employed, the magni- 
tude of doppler shift presented for measurement is equivalent to that which would 
occur if the satellite transmitted a single carrier frequency at 687.5 MHz. The 
circuitry also provides an analog derivation of a refraction signal. This signal is a 
measure of the departure from exact mathematical coherency between the 400 and 
150 MHz carrier signals as received. The refraction signal is used as a quality © 
indicator—if the frequency of the refraction signal exceeds a threshold of 10 Hz for 
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a sustained interval, the accompanying quantitative doppler data is deleted and not 
accepted to the navigation computing routines. 

5. Data processing and computing routines are provided for the calibration of 
the local clock of the navigation set against epochs recovered from the satellite 
modulation and message formats. 

6. One phase modulation decoder is provided in the radio receiver for the 
recovery of satellite timing, satellite orbital data, cross satellite alert, and other 
system data that are encoded in the 6,103 bits per 120 second repeatable satellite 
format which is transmitted by the satellite on each of the 400 and 150 MHz carrier 
signals. The phase modulation decoder is preceded by a proportional predetection 
combiner of the 500 kHz IF signals of the respective 400 and 150 MHz receiver 
channels. 

7. After phase modulation detection of the combined satellite signals, informa- 
tion decoding is performed by the computing processor using majority voting and 
piecewise fitting routines to obtain at least one complete message from the several 
that occur within the interval of satellite signal reception. 

8. There is an automatic search and satellite signal acquisition mode for the 
carrier tracking circuits of the radio receiver with the controls provided by the 
computer and data processor based upon predictions from a local memory of orbital 
parameters for up to eight satellites and the ship’s inertial position data. Optional 
manual controls are also available at the receiver. 

9. The system has built-in test features for the special analysis of the radio 
spectrum received by the antenna which can be used to identify and measure 
certain interfering and jamming signals at the sea surface. 

10. The system has self-test features for equipment malfunction diagnosis and 
routine preventive maintenance covering the entire AN/BRN-8 system beginning 
at the antenna input termina!s to the radio receiver. Software programs establish 
and control operational readiness tests prior to submarine surfacing while in a pre- 
pass period. The diagnostic analysis can extend to the smallest modular unit level. 

The navigation accuracies that are obtained at sea depend in part upon the 
accuracies of inputs describing the ship’s motion in the interval of the satellite pass 
when doppler data was measured. 

The statistical accuracies achieved at a non-navigating fixed site, such as Sta- 
tion 110 located at Applied Physics Laboratory, using a typical operational software 
program, produce a circular probable error (CEP) of 0.017 nautical mile as shown in 
figure 4411b. 


Integrated Doppler Tracking Equipment 


4412. Developmental AN/SRN-9 equipment.—In the early stages of the devel- 
opment by the Applied Physics Laboratory of receiving equipment for use in the 
integrated doppler count method of navigation, the technical approach was centered 
around a single-frequency system. It was recognized that the use of a single- 
frequency system operating at the higher frequencies, i.e., 400 MHz, would result in 
a navigation error as large as 1 nautical mile because of the refraction effect of the 
ionosphere (art. 4429). The elimination of the requirements for a 150 MHz phase- 
locked receiver, for a more complex antenna with dual preamplifiers, and for 
refraction correction equipment appeared desirable in terms of the resultant equip- 
ment simplification and lower cost. The single-frequency system was built in bread- 
board form at the Laboratory, and the feasibility of the system demonstrated in 
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Courtesy of Applied Physics Laboratory, 
The Johns Hopkins University. 
Ficure 4411b.—Accuracy results at Station 110 for October 1974. 


The design of a two-frequency system was begun by the Laboratory about the 
same time the single-frequency system reached its breadboard stage. This design 
effort disclosed that since the two received frequencies are always in constant ratio 
within a few parts in 108 (the order of the refraction effect) the second receiver need 
not be a phase-locked receiver, but could be merely slaved to the 400 MHz phase- 
locked receiver. The two-frequency system design was developed and tested as an 
engineering model and subsequently developed into a prototype form designated 
XN-5 (fig. 4412). In the period between 1964 and 1967 , a total of 23 prototype AN/ 
SRN-9 (XN-5) sets were produced by the Laboratory and placed in service, primari- 
ly aboard attack aircraft carriers and oceanographic ships. 

Basic to the design of both systems is the stable oscillator. Any bias in measur- 
ing frequency that is maintained over a pass (as opposed to point-to-point noise 
within a pass) produces a proportional error in position. The assumption is made, 
therefore, that the frequency of the local oscillator is an unknown (art. 4427). This 
assumption requires that the measurements and computations needed for a naviga- 
tion fix be arranged to eliminate the value of the frequency of the oscillator. When ~ 
this elimination is done properly, the only stability required is five parts in 101 
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over a 2-minute period. Such stability can be achieved, and a carefully chosen 
crystal in a thermostatically controlled oven with a large thermal time constant is 
entirely adequate. 

The (XN-5) stable 5 MHz reference oscillator uses a design concept similar to 
those used in the satellite oscillator, i.e., a thermostatically controlled oven with a 
very long thermal time constant between the oven and a monel slug, which con- 
tains the critical circuits. Since the vacuum of space is not available for the 
earthbound oscillator, a great amount of thermal insulation is used, resulting in a 
relatively large physical size. 

The AN/SRN-9 (XN-5) receiving equipment has five basic elements: (1) the 
antenna and preamplifiers, (2) the receiver-demodulator, (3) the digital section, (4) 
the control group (output section), and (5) the 5 MHz oscillator. 

The antenna is a whip over a ground-plane mounted on the superstructure of 
the ship, along with preamplifiers for the 150 and 400 MHz signals. 

The receiver-demodulator contains circuitry to perform the following functions: 

1. selectively track a satellite signal after manual lock-on; 

2. demodulate the binary data from the carriers; 

3. provide timing signals to the digital section at the doublet (half bit) rate (one 
every 9.83 ms) as derived from the doublet coding in the satellite messages; and 

4. produce a sequence of pulses from which a refraction corrected doppler count 
is obtained. 

A precise timing signal based upon the message modulation rate is derived in 
an internal clock in the receiving equipment. This synchronized internal clock 
controls the decoding, printing, and doppler count gating operations with an accura- 
cy of better than 0.2 ms. Because the operational satellites transmit the end of 
message work, two at each integral 2 minutes of UTC (+200yus), adequate time 
information is obtained from the satellite for navigation and doppler gating. 

The digital section contains shift registers for accumulating the doppler count 
and for storing the serial binary data decoded from the satellite messages. 

The digital section also contains an output register and the necessary counting 
and control logic to organize the satellite messages into words and digits (output 
format control). It also programs the data and other timing signals to the output 
terminals. The message data are extracted in four-bit groups (i.e., excess-three 
binary coded decimal format). Control signals are available to take all data (every 
word) or select only every sixth word (all that is necessary) for normal navigation. 

From the control group, the navigator can monitor the operation of the equip- 
ment. In operation, the navigator remotely tunes the 400 MHz receiver from 
whence he obtains all necessary control functions. 

In summary, for any satellite pass the following sequence of events will occur 
in the receiving equipment: 

1. The receiver-demodulator is manually locked onto the satellite signals, and 
phase tracks during the satellite pass. 

2. The receiver-demodulator begins decoding the binary data based on an arbi- 
trary association of adjacent doublets. 

3. The digital section monitors the decoded data, and properly pairs the de- 
modulated doublets to form binary bits. When the proper pairing is achieved, the 
digital section energizes the bit synchronization line. 

4. The counting and control logic is reset by the synchronization word in the 
satellite data format. The first time the synchronization word is received after bit 
synchronization, the digital section outputs a synchronization pulse. A 2 minute 
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UTC pulse is also generated each time the synchronization sequence 
(0111111111111111111111110) is received. 

5. The counting and format control logic in the digital section governs the 
handling of the binary data from the satellite, and the accumulation and output of 
the doppler count. 

6. The 2-minute doppler count and satellite message data are printed out in 
decimal form on the control group printer. 

7. Whenever an interrupt in the satellite signal occurs, bit synchronization 
must be reestablished. 

4413. Functional description.—The navigation program currently used in con- 
junction with the CP-827 computer has the following functional capabilities: 

1. Processes data from the SRN-9 receiver in an ‘‘on line” mode (the receiver 
and computer are electrically interfaced, and satellite data collected by the receiver 
will be transferred and stored by the computer). 

2. Formats and prints the receiver data on the Central Group. 

3. Majority-votes satellite message data from several messages and modifies this 
data in the case of injection of new message data into the satellite. 

4. Edits doppler data to 7°5 provided at least four doppler counts are received. 
Additionally checks for monotonically increasing doppler counts and zero doppler 
counts. 

5. Provides navigator’s motion description in the form of constant course and 
speed or maneuvering with various options: distance north (DN) and distance east 
(DE) per 2 minutes, latitude, longitude, or range and bearing at the 2-minute time- 
marks. 

6. Provides automatic satellite alert computation for the satellite just tracked. 
Alert computation for a single satellite may be performed at any time using 
message data from a previous satellite pass. 

7. Renavigates satellite pass with different dopplers or different motion inputs. 

8. A test satellite message can be navigated for test purposes. 

4414. Accuracy.—The AN/SRN-9 (XN-5)/CP-827 produces an error at a fixed 
site of less than 50 meters (CEP). A bull’s-eye plot of fixed site error is shown in 
figure 4414. The fixed site error is also given in table 4414. The difference in 
computed mean position and reference position is less than 17 meters. The ship- 
board accuracy at sea depends upon precise inputs of ship motion during a satellite 
pass. When SINS motion inputs are used, errors less than 0.1 nautical mile are 
obtained. 


COMPUTED MEAN POSITION 
Latitude: 39°09/8124 
Longitude: —16°53/8408 


FIX REFERENCE POSITION 


Latitude: 39°09/8214 
Longitude: —76°53/8410 
Antenna Height: 106.00 meters 
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DIFFERENCE OF MEAN REFERENCE POSITION 


D. Lat. —0/0090 ' —0.0090 mi. 
DLo 0/0002 0.0002 mi. 
Mean Radial Error about 

the Mean Position: 0.0284 mi. 


DEVIATION ABOUT THE COMPUTED MEAN POSITION 


Latitude: 0.0215 mi. 
Longitude: 0.0226 mi. 
Root Sum Square: 0.0312 mi. 
Circular Probable Error (CEP): 0.0260 mi. 


TOTAL NUMBER OF PASSES USED: 32. 


TABLE 4414,—Fixed site error of AN/SRN-9(XN-5)/CP-827. 


-76°53'.8410 


| 0.05 NAUTICAL 
MILE 


0.03 NAUTICAL 
MILE 


—— — +39°09'8214 


Figure 4414.—Bull’s-eye plot of AN/SRN-9(XN-5)/CP827 navigation fixes at the Applied Physics 
Laboratory of The Johns Hopkins University. 
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Current Navy Navigation Satellite Equipment 


4415. The AN/WRN-5 Radionavigation Set, a self contained navigation set 
consisting of preamplifier and receiver/computer assembly, is capable of automatic 
operation and utilizes short-count doppler data to provide navigation in a subma- 
rine environment. A synchro-to-digital interface allows interconnection with the 
SINS for the automatic inputting of ship’s motion data. The set is fully militarized 
and uses the standard UHF submarine antenna for receiving 150 and 400 MHz 
signals from the Navy Navigation Satellites to obtain navigation fixes. The set is 
shown in figure 4415. 

4416. Functional description.—The AN/WRN-5 Radionavigation Set consists of 
(1) antenna (uses the submarine’s UHF antenna), (2) preamplifier, and (3) receiver 
assembly. The receiver assembly consists of the following subassemblies: 

. power supply, 

. radio receiver, 

. expanded data processor, 

. RF test signal generator, 

. memory loader (tape cassette), 
. 5 MHz frequency standard, 

. remote video display, 

. software program. 

The AN/WRN-5 set weighs 150 pounds and uses 350 watts of power. 

4417. Design characteristics—The AN/WRN-5 Radionavigation Set employs 
150 and 400 MHz phase-locked tracking loops, and has the following features: 
. automatic acquisition, 

. short count (23 second nominal interval) 400 MHz and 150 MHz doppler data, 
. integral test set, 

. integral 5 MHz oscillator, 

. integral computer with 16K-word, 16-bit memory, 

. teletype interface, 

. SINS interface, 

. navigation fix display, 

. Minimum exposure time, 

10. latest navigation program. 

The AN/WRN-5 set interfaces with a remote video display, printer, and tele- 
type. 

4418. Accuracy.—Fixed-site accuracy of the AN/WRN-5 is shown in tables 
4418a, 4418b, and figure 4418. The evaluation was conducted during four modes of 
operation: (1) the normal mode-automatic acquisition, dual channel; (2) single chan- 
nel, 400 MHz only; (3) single channel, 150 MHz only; and (4) dual channel, short 
exposure. In the short exposure mode, approximately 4 minutes of data were taken 
including at least 2 minutes before the time of closest approach. In a few cases 
where lock was momentarily lost on one channel, data were taken for longer 
periods of time to allow a refraction corrected fix to be made. 
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DUAL CHANNEL, AUTOMATIC ACQUISITION 


Number of Passes: 39 (ECA** 10°—70°) 
Computed Mean Position*— 

Latitude: 39°09/8158 

Longitude: —76°53/8410 
Difference of Mean Reference Position— 

Latitude: —0.0055 mi. 

Longitude: 0.0007 mi. 
Mean Radial Error about Mean Position: 0.0204 mi. 
Deviation about Computed Mean— 

Latitude: 0.0167 mi. 

Longitude: 0.0161 mi. 

Root Sum Square: 0.02382 mi. 
Circular Probable Error (CEP): 0.0193 mi. 


SINGLE CHANNEL, 400 MHz 


Number of Passes: 10 (HCA** 10°—70°) 
Computed Mean Position*— 

Latitude: 39°09/8144 

Longitude: —76°53/8390 
Difference of Mean Reference Position— 

Latitude: 0.0070 mi. 

Longitude: 0.0016 mi. 
Mean Radial Error about Mean Position: 0.0491 mi. 
Deviation about Computed Mean— 

Latitude: 0.0195 mi. 

Longitude: 0.0477 mi. 

Root Sum Square: 0.0515 mi. 
Circular Probable Error (CEP) 0.0396 mi. 


*Reference Position—Latitude: 39°09/8214; Longitude: —76°53/8410. 
**ECA—Elevation at Closest Approach. 


TABLE 4418a.—AN/WRN-5 fix results. 


4419. AN/SRN-19 (XN-1) Radionavigation Set.—The radionavigation sets avail- 
able for use with the NAVSAT, such as the AN/WRN-5, are rather sophisticated. 
They receive data on two satellite frequencies; they are more accurate; and they are 
relatively expensive. To meet the need for a low-cost simplified satellite navigation set 
for use aboard the smaller naval vessels, particularly destroyers, the Applied Physics 
Laboratory designed the AN/SRN-19 Radionavigation Set as a single channel 
integral doppler set that includes all of the units necessary to compute and display a 
navigation fix in one chassis and an external antenna/preamplifier unit. Developed 
in response to Advanced Development Objective (ADO) 3411, the AN/ SRN-19 (XN-1) 
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SINGLE CHANNEL, 150 MHz 


Number of Passes: TAH CAA Ss hOs=7()e) 


Computed Mean Position*— 
Latitude: 39°09/8391 
Longitude: —76°5410482 
Difference of Mean Reference Position— 
Latitude: 0.0177 mi. 
Longitude: —0.1612 mi. 
Mean Radial Error about Mean Position: 0.2676 mi. 
Deviation about Computed Mean— 
Latitude: 0.2662 mi. 
Longitude: 0.2175 mi. 
Root Sum Square: 0.3488 mi. 
Circular Probable Error (CEP): 0.2848 mi. 


DUAL CHANNEL, SHORT EXPOSURE 


Number of Passes: 20: (ECA ** 102.0") 
Computed Mean Position*— 

Latitude: 39°09/7683 

Longitude: — 76°53 8468 
Difference of Mean Reference Position— 

Latitude: —0.0530 mi. 

Longitude: —0.0045 mi. 
Mean Radial Error about Mean Position: 0.1042 mi. 
Deviation about Computed Mean— 

Latitude: 0.1893 mi. 

Longitude: 0.0847 mi. 

Root Sum Square: 0.1680 mi. 
Circular Probable Error (CEP): 0.1819 mi. 


*Fix Reference Position—Latitude: 39°09/8214; Longitude: —76°53/8410. 
**HCA—Elevation at Closest Approach. 


TABLE 4418b.—AN/WRN-5 fix results. 


will enhance a vessel’s navigation capabilities by providing regular position fixes and 
dead reckoning (between satellite fixes) anywhere in the world, day and night, in any 
weather. Design features of the set are such that it is expected to cost less than 
$10,000 in production quantities. It is intended for use on surface ships, especially 
those with an Anti Submarine Warfare mission, where the considerably higher cost of 
the AN/WRN-5 Radionavigation Set cannot be accommodated and where the ex- 
treme accuracy of the higher priced set is not required. 

4420. Functional description.—Figure 4420 shows the AN/SRN-19 Radionavi- 
gation Set with its antenna/preamplifier and printer, which is optional. The set 
consists of a 400 MHz receiver; a 5 MHz oscillator; an 8,192 word, 16-bit data 
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Ficure 4418.—AN/WRN-5 receiver accuracy, dual channel operation. 


processor; power supplies; and 2 synchro-to-digital units mounted in its chassis. A 
display, keyboard, and a cassette recorder are mounted on the front panel of the 
chassis. Controls and monitoring devices are also on the front panel. 

The receiver automatically searches for and locks onto a satellite’s 400 MHz 
signal, and extracts from the signal two types of information. One is the recon- 
structed doppler shift of the satellite signal which results from the relative motion 
between the navigator and the satellite transmitting the signal. The other type of 
information is obtained by demodulation of the satellite carrier which is phase 
modulated with a message describing the satellite position in inertial space. These 
data along with the information on ship’s motion during the satellite pass are used 
by the navigation program to compute the ship’s position. 

The navigation program is permanently programmed on Read-Only-Memory 
(ROM) chips in the data processor. This program provides a continuous dead reck- 
oning position using ship’s course and speed through the two synchro-to-digital 
converters and updates the DR position periodically with a satellite navigation fix. 
Ship’s position information in the form of time, latitude, and longitude is displayed 
on the AN/SRN-19 front panel and updated every 5 seconds. AN/SRN-19 time is 
kept by processing once per second interrupts to the data processor. The interrupts 
are provided by a countdown of the 5 MHz oscillator. This ‘“‘clock’’ is initialized by 
the operator and corrected thereafter by satellite data. 

The operator uses the keyboard to initialize the navigation program and to 
select special purpose routines that compute and display the desired information, 
e.g., ship’s speed and heading, and satellite fix results. The cassette tape recorder 
records ship’s position every 15 minutes for playback later at a shore facility. 
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The navigation program has the following capabilities: 

1. Updates present latitude and longitude once per second by dead reckoning on 
ship’s true speed and heading. The ship’s position on the front panel display is 
refreshed every 5 seconds. True speed and heading are obtained by summing 
vectorially the speed and heading of the ship with respect to the water with the set 
and drift of the current in the area. The heading and speed of the ship with respect 
to the water are obtained automatically from the ship’s Mark 19 Gyrocompass and 
electromagnetic underwater log through the AN/SRN-19 synchro-to-digital convert- 
ers. The operator has the option of manually entering the set and drift of the ocean 
currents if they are known. If the ship does not have a Mark 19 Gyrocompass and 
electromagnetic log, the ship’s heading and speed with respect to the water may be 
entered manually. The dead reckoning program continues to run once per second 
regardless of any other programs that may be executing (i.e., great circle program, 
satellite fix program, or alert program). 

2. When the receiver locks onto a satellite signal, the program recognizes the 
beginning of a 2-minute data transmission interval, collects and majority votes the 
satellite message data, and computes a satellite fix provided there is sufficient 
satellite data. The fix is used to update automatically the dead reckoning position 
provided the following conditions are met: 

i. The satellite elevation at closest approach is between 10° and 80°. 

u. The fix computation converges in five or less iterations and the total correc- 

tion is less than 30 nautical miles. 

If the above conditions are not met, the operator may manually enter the fix in 
the data processor to update the DR position. 

The special purpose routines of the navigation program include the following: 

1. A great circle program which will compute and display the great-circle 
distance and bearing from the ship’s present position to any destination that has 
been entered by the operator. 

2. A satellite alert program which computes and displays the next expected 
satellite rise time, and the elevation at closest approach of the satellite just tracked. 
A new alert is computed each time when the display button is depressed. 

3. A keyboard/display program which is used to enter and display various 
parameters of interest. 

4421. Accuracy.—The AN/SRN-5 (XN-1) has a fixed-site CEP of less than 120 
meters. Figure 4421 shows plots of 24 satellite fixes taken at dockside aboard the 
USS Forest Sherman (DD-931) at Norfolk, Virginia. 

During the period 24 April to 26 April 1974, an AN/SRN-19 was installed for a 
technical evaluation. The dockside RMS error for 24 navigation fixes was 0.076 
nautical mile. The design goal was 0.1 nautical mile RMS at dockside. During at-sea 
tests, automatic inputs of ship’s course and speed were used. Based on eight satel- 
lite fixes obtained from the two at-sea tests, the RMS radial fix error of the AN/ 
SRN-19 was 0.13 nautical mile. The design goal was 0.3 nautical mile RMS. 

The DR velocity error is dependent upon the particular ship’s motion measur- 
ing devices that are used. Fifty-three satellite navigation fixes were computed by 
the AN/SRN-19 located at the Applied Physics Laboratory with a 1-knot error 
intentionally inserted into the DR system. The RMS radial error of these 58 passes 
was 0.31 nautical mile. 


SATELLITE NAVIGATION 


1092 


09,6L59L— 


‘MOIA UBT Bare pue Sexly epIsyood (I-NX) 6I-NUS/NV— l@pPr FANS 


0L;6199L— 


(SAX!4 SLITIALVS $2) 
NOILISOd NVAW GaLNdWOOd @ 


YOILISOd VNNALNV S.dIHS @ 
Y3AEIWNN/NOILISOd XI5 @ 


08°61 o9/— 


06°61 o94— 00;0Z994~ 
Ne ee eZ (LYVHO 440) 
A 
“) 
€ 
14 009= 
| 
\ 
t — 
as Biase ge 6: =e ee 
gle é9 
Se ZL 
= as = OZ 
0% YAld 6L @ @ e@L 
Foes vz i Soa ry: 
< i, ee €~ @ 
e 7---7-7 gl [te @ eft 
LL 6 > 
Se @ 
€l e 
e 8 r 
a — vl Lf 
Ly \ 
CARD eB bes NVWYS3HS LSAYHOS SSN 
ae ri ee es 
=] 


— ee 


01j0Z94- 


06;SS99€ 


--{ 00;95,9€ 


O1j9S_9€ 


SATELLITE NAVIGATION 1093 


4422. AN/PRR-14 Geoceiver.—The basic purpose of the Geoceiver conceived at 
the Applied Physics Laboratory is to receive and record data for geodetic position 
determination. Secondary uses are for satellite orbit determination and shipboard 
navigation. The Geoceiver makes integrated doppler measurements from satellites 
radiating on 324 and 162 MHz frequency channels, as well as from the Navy 
navigation satellites radiating on the 400 and 150 MHz frequency. 

4423. Functional description.—The received frequency pair may be selected 
manually or automatically. When in the automatic mode, the receiver alternately 
searches for the frequency pairs until satellite signals are acquired. Data processed 
by the Geoceiver—time, integrated doppler, and integrated refraction correction— 
are stored on punched paper -tape which are subsequently transmitted to a comput- 
ing center. Provision is also included for processing the Navy navigation satellite 
message with the doppler and refraction correction data to a computer for real-time 
navigation applications. 

The main receiving unit of the Geoceiver is shown in figure 4423. 

4424. Design characteristics.—The Geoceiver design specifications include the 
following: 

1. double conversion 400/324 MHz channel, 

2. double conversion slaved 150/162 MHz channel, 

3. integrated doppler frequency measurements timed by a receiver clock (30- 
second or 60-second integration intervals), 

4. receiver clock calibrated against received Navy navigation satellite time, 

5. separate integrated refraction data from 150/162 MHz channel, 

6. time, doppler, and refraction correction data recorded on punched paper tape 
with additional data entered from the receiver control panel, 

7. Navy navigation satellite message, time, doppler, and refraction correction 
data available on a computer output to provide real-time navigation, 

8. automatic search and acquisition of satellite signals with manual over-ride, 

9. rapid resynchronization with satellite message and time if carrier tracking is 
lost for up to a minute, 

10. built-in self-test and troubleshooting aids, 

11. portable; small in size, weight and power consumption. 

A suitable external computer is required for real-time navigation applications. 

4425. Accuracy.—Table 4425 indicates single pass survey capabilities of the 
Geoceiver by using satellite orbits derived from tracked data as opposed to naviga- 
tion results obtained from projected orbits. 


Mean Error (Meters) part pS? 
3 No. eters 
Equipment Satellite 
oe Passes Long. Lat. iene ae 

Breadboard 30120 44 6.2 ==} 8.7 6.1 
Geoceiver 30130 53 8.0 =e 1337 Syl 
(Station 391) 30140 50 7.6 =a) 8.6 4.9 
30180 44 8.0 = 15), (i 9.3 6.4 
= BPS feo) 

Prototype 30120 32 OH 4.3 We 
Geoceiver 30130 37 8.9 == Bye) 6.6 By) 
(Station 137) 30140 42 6.3 A 7.6 3.9 


30180 42 6.7 —5.0 10.8 6.9 
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Mean Error (Meters) Standard Deviation 
Equipment Satellite oe 3 i - areata (Me besa) 
Long. Lat. Long. Lat. 
Breadboard 30120 7 13.8 = 109) 18:2 9.6 
Geoceiver 30130 16 8.0 29 9.0 ay 
(Station 136) 30140 14 Ue =o co 6.7 
30180 18 Oui —3:3 Jee! Ont 


Nores: 1. Obtained from NWL Technical Report TR-2338 dated September 1969. 
2. Data obtained with antenna common to both the breadboard 
and prototype Geoceivers. 


TABLE 4425.—Geoceiver survey data statistics for single pass solutions. 


Basie Doppler Principles 


4426. Design considerations.—A satellite navigation system is truly all weather 
when radio frequencies are utilized which are not sensitive to weather or atmos- 
pheric noise, and when frequencies are combined such as to obtain independence 
from ionospheric variations. The use of orbiting satellites makes the system inher- 
ently worldwide. Other attributes of a satellite navigation system depend upon 
other system design considerations such as the question of whether to utilize radio 
sextant techniques analogous to celestial navigation, whether to utilize simultane- 
ous transmissions from multiple orbiting satellites in analogy with Loran or Omega, 
or whether to use an altogether new method which is more natural to artificial 
satellites than established techniques, e.g., taking advantage of the high speed of 
the satellite by using the doppler shift. 

NAVSAT through its use of range rate by measurement of the doppler shift of 
satellite radio transmissions provides the following advantages: 

1. There is no need for a large receiving antenna array as required by radio 
sextants. 

2. Only one satellite need be utilized to obtain a position at a given time so that 
the complexity of maintaining cooperative satellites in orbit for simultaneous signal 
reception is avoided. 

3. Doppler measurements are inherently open loop, that is, there is no need for 
transponding signals back and forth between the satellite and the observer as would 
be necessary in measuring range directly. Therefore, NAVSAT is passive in that 
there are no radio transmissions from the observer’s station. 

4427. Basic doppler navigation principles.—Measurement of the satellite dopp- 
ler curve in the vicinity of zero doppler shift allows a determination of the time and 
the line-of-sight range (slant range) to the closest point of approach of the satellite 
to the observer. This measurement enables determining the observer's position 
relative to the satellite in a coordinate system which is local to the satellite at the 
time of closest approach and whose axes are parallel and perpendicular to the 
direction the satellite travels over the earth at that time. Knowing the satellite’s 
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orbit, its subtrack over the earth’s surface can be determined. Knowing the mini- 
mum slant range to the satellite and the altitude of the satellite, the distance from 
this subtrack can be found. This can be thought of as the cross-track coordinate of 
the observer relative to the satellite. Knowing the exact time when this minimum 
slant range occurred, the position of the satellite along its earth subtrack is known 
which can be considered the along-track coordinate of the observer relative to the 
satellite. Knowledge of the satellite orbit in detail tells how to transform the 
observer’s relative along-track and cross-track coordinates to latitude and longitude. 

While this method is adequate to determine the observer’s position, other 
information in the doppler shift can be used to advantage. If the whole of the 
doppler shift is used, sufficient redundant information is obtained to overwhelm 
any error due to random noise such as receiver and atmospheric noise. Further- 
more, one can tell which side of the satellite subtrack the navigator is on by 
utilizing the fact that the earth’s rotation produces a slight difference between the 
doppler shift as received east of the satellite orbit and west of the orbit. 

Effective utilization of the whole of the doppler shift as received by the observ- 
er also allows the navigated position to be essentially free of any momentary 
receiver “drop out,” short term interference, etc., and some important potential 
system errors; for example, the error caused by an error in the frequency standard 
of the equipment. (The satellite frequency is maintained to an accuracy of better 
than one part in 10 billion but the navigator’s local oscillator frequency can be in 
substantial error in some of the less expensive navigator equipments.) Figure 4427 
shows the time dependence of the change in the received doppler shift for a set on 
the earth’s equator which is changed by 1 kilometer in its along-track and cross- 
track components, respectively. It can be seen that the change in the along-track 
component produces a symmetric frequency change. Also, it can be seen that the 
change in cross-track component produces an anti-symmetric frequency change so 
that with doppler data only near the time of closest approach (zero relative time in 
figure 4427) along-track and cross-track components can be identified un- 
ambiguously. However, if a frequency standard error (local oscillator error) exists 
also, data only near closest approach will not allow unambiguous identification of 
both frequency and along-track changes. On the other hand, if the whole of the 
doppler shift is considered, the two errors can be easily differentiated since a 
change in frequency produces a constant frequency error, while a change in the 
along-track component produces a time dependent doppler error, the error being a 
maximum near the time of closest approach. 

4428. Effect of random measurement errors.—Profiles of over-all system navi- 
gation error can be constructed assuming that only random doppler (frequency) 
errors are present. Figure 4428 shows a typical navigation error profile as the 
ground distance to the satellite subtrack changes. As is to be expected, the along- 
track error becomes relatively large when the satellite is on the horizon since it is 
not above the horizon sufficiently long to accurately establish separation of along- 
track error from the set’s local oscillator error. The cross-track error becomes large 
when the satellite is nearly overhead since there is relatively small change in slant 
range to the satellite for a change in cross-track component when the satellite is 
overhead. 

The error profiles like those in figure 4428 are pessimistic since they consider 
the navigation errors when many independent measurements of frequency are 
made, e.g., one each second. Modern techniques dictate that coherent measurements 
be taken so that any error in frequency which has an average error of zero is 


1097 


SATELLITE NAVIGATION 


yoeLL—-Ssosg 


youll —-suoly 


‘siojourered uorjisod om] — )Zpp FANDIY 


(yoeoaddy jseaso[) OF @ATISTAY) Spuoosssg UT VUTL 


00 OOT O OO LS OUGS OO0E- 


OOS 


OOSs 


(Or whe sjzaed) s~Tenprsed io Tddoqd 
8 ! 


1098 SATELLITE NAVIGATION 


eeeeeoeoseeerGeeooeoeeoee@® GO PGeeeeeeeevee® ee eeeeeveae eeeee,e86 @ @ 


NOZIYOH NO ALITIOLVS 


ays 
AZ 
Og, 
vy 
4x 
oy 
me Xe 
© Wo 
Bork Th NS 
is ~ 
“N 
Oe oC oe \ 
ae SOE RS Be s 
A SS y'q 
rt wee Doe 0) BS 
CT Slats he A ns 
pet ew) Sie Ayan ts 
OF. op Ue 2 
Se ci, mg 
p fe) 
ec rc 
| a fe 
© fa 
peel 
-d 
o oO 3 
|P 272 — 
| rs a 
1 as 3 
a 
| & 
| Zi 
4 
] <x 
a 
_> 
= 
fo) 
Zz, 
7 
SHLVNINOGHYd YOUN MOVUL SSOUD 
5 : z z 
S o eTIW S yTeoT{neN 


ASION WOGNVY WOU YOUUT NOILVOIAVN 


400 600 800 1000 1200 1400 1600 1800 


200 


Nautical Miles 


Ficure 4428.—Ground range to satellite subtrack. 
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suppressed. With such techniques, the errors due to random noise are suppressed 
more than the square root of the number of measurements, but probably still less 
than the total length of time of reception itself. In other words, noise can be 
suppressed somewhere between a factor of 15 min. (average pass duration) 60 
sec.=900 and 


V 15x 60=80, 


dependent upon other considerations. 

One manner in which coherent measurements can be very conveniently utilized 
is by not measuring frequency per se but to maintain a running count of the 
number of zero crossings of the received signal to obtain the coherent integral of 
the doppler shift. Utilizing integral doppler data in this way yields more potential 
accuracy and can be easier to implement in the navigator’s equipment. In doing 
this, the equipment does become more sensitive to intermittent signal dropouts, etc., 
so that the more reliable navigator’s equipments utilize more sophisticated methods 
than this. However, several of the less expensive equipments, such as the AN/SRN- 
9 (art. 4412), utilize explicitly this technique, where the integral doppler value is 
read each time the satellite 2-minute time marker is received. 

4429. Non-random error sources.—For all practical purposes, random-frequen- 
cy errors in the doppler data will not cause significant navigation errors. This is not 
true of systematic errors. The major sources of error which have been found are 
related to ionospheric refraction, errors in knowledge of the gravity field acting on 
the navigation satellites, and errors in knowledge of ship’s course and speed 
through the water. 

A major potential source of error in all satellite radio navigation systems is 
ionospheric refraction. Navigation errors can result from the effect of refraction on 
the measurement of the doppier shift and from the errors in the satellite’s orbit if 
refraction is not accurately accounted for in the satellite tracking. Since the doppler 
shift in the presence of the ionosphere is basically the time rate of change of the 
electromagnetic path length, the doppler shift is altered from what it would be in a 
vacuum. However, it can be shown that the ionosphere is dispersive (the amount of 
refraction is dependent upon the frequency) and for frequencies significantly above 
any ionospheric resonance frequency (usually less than 30 MHz) the dependence of 
the doppler shift with frequency is accurately known. For frequencies above 100 
MHz, the dependence is inversely proportional to the frequency to very high accura- 
cy. The refraction contribution can be eliminated by the proper mixing of the 
received doppler shift from two harmonically related frequencies (150 and 400 MHz 
for NAVSAT) to yield an accurate estimate of the vacuum doppler shift. 

In addition, the two received doppler frequencies can be mixed to yield an 
experimentally measured effect of the ionosphere, and the probable error caused by 
the ionospheric contributions can be studied. Such studies show that the principal 
navigation error due to refraction is in the cross-track component; it typically can 
be several tenths of a nautical mile, and can be as large as 1 nautical mile. Unlike 
the mixing of local oscillator frequency error with the navigated along-track error, 
where use of the whole of the doppler curve allows both the along-track component 
and local oscillator frequency to be error determined, the ionospheric error has a 
time dependence during the pass of the satellite above the navigator’s horizon 
which mimics the time dependence of the doppler signal for a cross-track error. In 
this case, the cross-track component and a parametric fit to ionospheric parameters 
does not yield negligible navigation errors. Consequently, except for the simplest 
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navigator equipment, two frequencies are received to yield a navigation position 
via the vacuum doppler data. Figure 4429a shows the ionospheric contribution at 
150 MHz which can be compared with the cross-track error of figure 4427. 


REFRACTION ERROR, CPS AT 150 Mc/SEC 


+106 +200 +300 
TIME FROM CLOSEST APPROACH, SECONDS 


0 


6C0O MILE CIRCULAR POLAR ORBIT 
OVERHEAD PASS 


+10 


Ficure 4429a.—First order theoretical refraction error. 


Any error in the navigator’s knowledge of the satellite position during the time 
doppler data is used feeds directly (and in nearly a one-to-one manner) into the 
navigation error. Consequently, every effort is made to reduce the navigation satel- 
lite orbit error to a minimum. The major contributor to this error is inadequate 
knowledge of the gravity field of the earth, ie., the gravity forces acting on the 
satellite. In 1960 it was possible to determine the orbit of a satellite and then 
predict the orbit ahead in time for 1 day (for use by navigators) to an accuracy of 
0.5 to 1.0 nautical mile due to errors in the gravity forces. Since that time extensive 
geodetic research utilizing research satellites, similar to the navigation satellites 
with added tracking capability by optical means, has resulted in a significant 
improvement in knowledge of the earth’s gravity field and consequent improvement 
in navigation accuracy. 

The technique for determining the gravity field is to accumulate a large 
amount of tracking data (primarily doppler and optical) as observed on a large 
number of satellites in orbits of varying inclinations. A gravity model is explicitly 
“parameterized” in terms of unknown coefficients in an expansion of the earth’s _ 
gravity field. An over-all least squares fit of the tracking data is then made 
considering all of the satellite orbit parameters, all of the Legendre expansion 
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coefficients of the gravity field, and the location of the tracking stations as un- 
knowns. The gravity field which gradually emerged from such worldwide studies 
exhibited a complexity far beyond that ever suspected. 

It is difficult to summarize the complex gravity field as it is known today. One 
fairly common method is to present contours of geoid heights. Such heights repre- 
sent the height that water would rise or sink to—in seeking its own level—over and 
above that water level which would occur if the gravity field were a spherical mass 
(suitably modified for the equatorial bulge due to the earth’s spinning). Consequent- 
ly, such geoidal contour maps can indicate the departure of the earth’s gravity field 
from what it was thought to be prior to the advent of satellite geodesy. Such a 
contour plot is shown in figure 4429b, which portrays the gravity field as known in 
1968. With modern gravity models for the earth, satellite tracking error has been 
reduced from about % mile to about 20 meters with commensurate reduction in the 
navigation error (orbit prediction error) caused by errors in the gravity forces 
acting on the satellite. As knowledge of the gravity field improves, errors due to 
this source will be further reduced. 

The remaining large potential source of error is the error in the navigator’s 
motion during the receipt of doppler data. Since the doppler shift is determined by 
the relative motion between satellite and navigator, any error in the navigator’s 
motion will appear as an apparent error in the doppler data used to find the 
navigator’s position. On the average this error causes about 400 yards navigation 
error for every knot of error in velocity. Navigator velocity error can become 
appreciable in aircraft navigation applications, and special techniques are used to 
bound this error in aircraft equipments. This error can become significant for high 
speed surface vessels and submarines in the most demanding applications. For such 
cases, inertial systems are usually used to determine vessel speed and aid in dead 
reckoning between satellite passes. 

Other potential sources of error are usually negligible except for the most 
demanding applications. Sources of errors such as abnormal tropospheric refraction 
(e.g., navigation near a weather front); neglect of the variable height of the sea 
surface (e.g., ignore the geoidal height, figure 4429b, as an altitude correction of the 
navigator’s antenna height); and even wander of the geographic position of the spin 
axis of the earth (the so called Chandler wobble) are errors which can and should be 
accounted for when highest accuracy is desired. With all such corrections, naviga- 
tion accuracy rivals world surveying accuracy (art. 4422). For this reason, satellite 
navigation has brought attention to some large mapping errors. A good discussion 
of current navigation accuracy capability can be obtained in the bull’s-eye plots 
shown for the navigation equipment discussed (figs. 4411b, 4414, and tab. 4425). 


Integral Doppler Navigation 


4430. AN/SRN-9 integral doppler navigation.—It is beyond the scope of this 
chapter to present details of the more sophisticated navigation techniques, eg. the 
AN/BRN-3 coupled to SINS. However, the essentials and many of the details are 
similar for utilizing integral doppler data in the AN/SRN-9. Therefore, the naviga- 
tion procedure is given for this equipment in more detail to provide one detailed 
example of satellite navigation. “= 

The navigation fix obtained from the AN/SRN-9 is based upon the shift in 
frequency (doppler frequency shift) that occurs whenever the relative distance 
between a radio transmitter and receiver is changing. Such a change can be 
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measured by a receiver whenever a transmitting navigation satellite passes within 
radio range, and is due to the combination of three effects: 

1. motion of the satellite in its orbit, 

2. motion of the navigator on the earth’s surface, and 

3. rotation of the earth (and therefore of the navigator) about the earth’s axis. 

It follows that the motion of the navigator must be properly measured or 
estimated and inserted into the computation if accurate fixes are to be obtained. 

The integral of the doppler shift over a 2-minute interval (as measured by the 
AN/SRN-9 receiver, using a doppler frequency counter that is controlled by the 2- 
minute time markers received from the satellite) is a measure of how much the 
slant range from satellite to-navigator has changed during this 2-minute interval. 
In order to derive his position, the navigator also needs to know the position of the 
satellite in its orbit every 2 minutes. The information required from computing a 
fix are as follows: 


Data Obtained From 
Two-minute doppler frequency counts (integrat- AN/SRN-9 receiver, using self-con- 
ed doppler). tained frequency standard. 
Satellite orbital position every 2 minutes............... AN/SRN-9 receiver recognition of 


satellite data bits plus subsequent 
computer operation (tab. 4430). 
Own ship’s estimated position every 2 minutes. Ship’s navigational aids (with DR 
Or plot if necessary). 
Own ship’s course and speed plus one estimate 
of ship’s position at a stated time. 
Own ship’s antenna height above geoid .................. See figure 4429b. 


Figures 4430a and 4430b illustrate how the measurements are made and how 
the navigation fix is computed after the satellite pass is over. In figure 4430a, the 
positions of the satellite in its orbit are shown for times ¢, through ¢,, which are the 
even minutes at which the satellite transmits its synchronization signal. The posi- 
tions of the navigator, P, through P., refer to the times at which his AN/SRN-9 
receiver recognizes the satellite synchronization signal, i.e., times ti+At, through 
t,+At,. Note that the times of reception are slightly later than the times of 
transmission because of the radio propagation time over the slant ranges S;, So, Ss, 
and S,. Also, since the propagation times At, Atz, Ats, and At, are not all equal, the 
time intervals over which the AN/SRN-9 makes its integral doppler measurements 
will differ slightly from the exact 2-minute value, being somewhat smaller prior to 
satellite closest approach (while S is decreasing). This fact, however, does not affect 
the result of the measurement because the number of RF cycles transmitted by the 
satellite between synchronization signals (exactly 2 minutes apart) must necessarily 
equal the number received by the navigator between receptions of the synchroniza- 
tion signals, since no RF cycles can be “lost” or “gained.” 


Word Symbol Meaning Units 
number 
56 tp Time of perigee. Min. 
62 M Rate of change of mean anomaly. Deg/ Min. 
68 |d| Argument of perigee at f. Deg. . 
74 b Rate of change of argument of perigee (absolute Deg/Min. 


value). 
80 fe Eccentricity. 
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number Symbol Meaning Units 
86 Ao Semimajor axis. Km. 
92 On Right ascension ascending node at fp. Deg. 
98 0 Rate of change of Qv. Deg/Min. 
104 cosus Cosine of orbit inclination. 
110 Oe Right Ascension Greenwich. Deg. 
128 sinw Sine of orbit inclination. 


TABLE 4430.—Satellite orbital information. 


The integral doppler measurements are simply the count Nj. of the number of 
doppler cycles received between ¢,+ At; and t.+Ats, the count N23 of the number of 
doppler cycles between t.+At. and t;+Atsz, and so on for all 2-minute intervals 
during the satellite pass. These counts are a direct measure of the amount by which 
the slant range from satellite to navigator has changed (S2—S:, S;—S:, etc.) during 
the count intervals. This measure is quite accurate since each doppler count added 
(or subtracted) due to the relative motion means that S has decreased (or increased) 
by one wavelength, or by 0.75 meter at 400 MHz. Therefore, one of the required 
inputs to the fix computation (slant range increment over each 2-minute interval) is 
directly measured by the AN/SRN-9 integral doppler count, suitably scaled as 
indicated in figure 4430a. Note that the slant ranges S; through S,; (and therefore 
their respective differences, or slant range increments) are all functions of the 
navigator’s position ($, A). Since the satellite orbital positions can be calculated 
from the data recovered from the signal phase modulation by the AN/SRN-9 
receiver, and since the navigator’s estimated position every 2 minutes is available, 
values of estimated slant range from satellite to navigator can be computed. These 
estimated slant ranges are differenced to obtain estimated slant range increments, 
which then can be compared with the slant range increments measured by means of 
the integral doppler counts as already described. 

Unless the navigator’s estimate of his position happens to be exactly correct 
there will, of course, be a difference or residual when each estimated slant range 
increment is subtracted from the corresponding measured increment. The fix calcu- 
lation then consists of changing the navigator’s estimate of position (, A) in small 
steps until the sum of the squares of the slant range residuals is minimized, at 
which point the closest achievable agreement exists between the (revised) estimates 
and the measures of slant range increment. The values of ¢ and A so determined 
(i.e., the revised estimates that yield the smallest residual) are then the fix result, 
which is printed out at the end of the fix computation. 

In practice, two factors complicate this simple explanation, and therefore repre- 
sent extra computing steps in the fix computation: 

1. The frequency of the satellite oscillator and also that of the reference 
oscillator used in the AN/SRN-9 receiver are constant but not precisely known to 
the navigator. 

2. The process of minimizing the sum of the squares of the differences between 
the estimated and measured slant range differences calls for a number of different 
manipulations to be performed in the computer used to calculate the navigation fix 
and is, in fact, an iterative process wherein the same mathematical steps are 
successively repeated in the same sequence several times in order to get the final 
result. 
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Figure 4430a.—Integrated doppler measurement. 


The absolute values of satellite and navigator’s oscillators are not required in 
the computation provided that they are constant—only their difference is of inter- 
est. This is the quantity f referred to in figure 4430b and printed out along with 4 
and 2 in the fix results. Since f is now known to the navigator and cannot be 
directly estimated or measured and since its actual value affects the numbers 
obtained for the integral 2-minute doppler counts measured by the AN/SRN-9 
receiver, it must be solved for (in addition to } and A) in the calculation of the 
navigation fix. Note that the value of f does not affect the estimated slant range 
increments—only the measured increments defined by the integral doppler counts 
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FiGuRE 4430b.—Doppler frequency variation with time. 


N,2 through N3.. There are then three quantities to be determined by the computer: 
o, dX, and f, the last mentioned being of no immediate interest to the navigator but 
essential to the accurate determination of ¢ and i. This means that integral 
doppler counts for at least three 2-minute intervals must be used (and preferably 
more than three) in order to provide three equations in the three unknowns, 4, A, 
and f. 

That the integral doppler counts Niz and Nos are directly affected by f is 
illustrated in figure 4430b, wherein / is the (constant) frequency of the navigator’s 
reference oscillator, fr is the (constant) frequency of the satellite’s transmitter, fr is 
the received frequency containing the doppler component, and f=fe—fr. The inte- 
gral doppler counts, Ni2, etc., are represented by the cross-hatched area in figure 
4430b. 

Since the values of three quantities (6, A, and f) have to be simultaneously 
adjusted in minimizing the sum of the squares of the differences between estimated 
and measured slant range for three (or more) 2-minute intervals, the computations 
involve solution of a matrix whose general description can be illustrated as follows: 

1. The measured slant range increments are calculated from the integral dopp- 
ler counts for an assumed value of f. Their rate of change as f changes is also 
determined. 

2. The navigator’s positions at the times t,, ts, etc., are calculated for an 
assumed initial position (d, A). 

3. Using previously calculated satellite positions at t,, tz, etc., the estimated 
satellite-navigator slant range increments (for the assumed initial o, A are calculat- 
ed). 

4. The rate of change (partial derivative) of the estimated slant range incre- 
ments (item 3 above) with respect to @ is determined. 

5. The partial derivative of the estimated slant range increments with respect 
to A is determined. 

6. The differences (residuals) between measured slant range increments (item 1) 
and estimated slant range increments (item 3) are formed for each 2-minute inter- _ 
val. 
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7. Using the derivative of measured slant range increment with respect to f, 
that of estimated slant range with respect to , and that of estimated slant range 
with respect to A, new values of o, 4, and f are calculated such that the sum of the 
squares of the residuals will be smaller than before these new values are used. 

8. Steps 1 through 7 are repeated several times until the newly calculated 
values of f, 6, and 2 differ from the last values used by less than fixed threshold 
values. At this point the computing stops, and the last set of values of f, o, and A is 
the final result. 

4431. Computation algorithms.—In the computations the slant range is calcu- 
lated for the beginning and end of each doppler counting interval based on the best 
estimates of the navigator’s latitude, longitude, altitude above the geoid, and the 
transmitted satellite coordinates. Referring to figure 4430b, the doppler count M2 is 
repeated: 


ota 
nam | (fe —fridt. (1) 

Etat 
It should be noted that the time ¢/+Az, is the time of receipt of the satellite time 
mark which was transmitted at time At,. Therefore, Atm, m=1,...n (n=the total 


number of 2-minute intervals observed during one pass) represent the propagation 
time delay for the time mark to travel the distance Sm from the satellite to the 
receiver. The propagation time delay is defined by the slant range distance divided 
by the speed of light: 


Atn=Sm/C. (2) 


Rearranging equation (1): 


t+At t+At 
2 2 2 2 

N= fedt— frat. (3) 
otan othe 


The first integral in equation 3 is of a constant frequency and its integration is 
simple. The second integral is of the changing frequency fr and represents the 
number of cycles received between the message receipt of two timing marks. It 
should be noted that the number of cycles received must identically equal the 
number of cycles transmitted: 


Etat, % 
frdt=|_ frdt. (4) 
ut+an iE 


Substituting this expression into equation 3: 


pray 4 
Nae | fedt— frdt. (5) 
u+at Us 


Since the frequency functions, fe ana fr, are assumed constant during a satellite 
pass, the integration of equation 5 gives: 


Ni2= fel(te—t1) + (Ate— Ats)]— fr(te—t). (6) 
Rearranging the terms in equation 6 gives: 
Ni2=(fe —frite—ti)+ fo(Ate— At). (7) 


The following comments apply to equation 7. 
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The quantity f¢—fr is assumed constant during a satellite pass: 


fe—fr=f=82 kHz, (8) 
and fc(At.—At,) can be rewritten as: 
(S2—S;) Sin 
fa > | Atim=— | (9) 
C C 
defining Lc as the wavelength of the frequency fa: 
C. 
Le=— ; C=speed of light in vacuum, (10) 
G 
and 
Notes 


Equation 7 becomes: 7 
Ni2= f AT 12+(1/Le) (S2—S3). (11) 


Defining S.—S:=S.. we have an expression for the measured slant range 
change in the k™ counting interval: 


SPE PENEY TETAS (12) 


The cartesian coordinates of a satellite are computed from the transmitted 
fixed and variable parameters of the satellite’s position. Likewise, the navigator’s 
cartesian coordinates are computed from his estimated position and geoidal height. 
The computed slant range at time tx is then: 


Sx =(X2q+ Vx 4+ Z?x)2!2, (13) 
where, with subscripts N and S for the navigator and satellite respectively: 
Xx =(Xsx— Yvx), Ye=(Ysx— Ynx), Zk =(Zsx —Zyx). 


The computed slant range change between times tx and tx-: is therefore 
Sx —Sx-1. Defining a residual: 


Rb. A, pee sr ~(Seesehs). 


If M doppler intervals are to be used in the computation, M such functions may 
be computed and F (d, A, f), the sum of the squares of the residuals, may be 
computed: 


M 
Fd, r, fo= 2 Rd, A, fx. (14) 
K=1 


Expanding the residuals in a Taylor series about the initial estimates fx, ox, 
and Ax, then truncating the terms above first degree, this function becomes: 


M a(Sx —Sx-1) a(Sx —Sx-1) ri) _|)2 
RES il Re nee AA+ —S,AF (15) 
a ad an of 


A 2 
Since we have just shown that Sx is a function of f, and Sx and Sx-; are both — 
functions of @ and 4, or 
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where: 
Af=f—fkx 
Ab=6— x 
AA=A—Ax 
Rx=Sx—(Sx—Sx-1), 
and Gx symbolizes the bracketed function in equation 15. 
To minimize F (, A, f) with respect to o, A, f equation 15 is differentiated 
partially with respect to 6, A, f, the partials equated to zero, and the equations 


divided by 2. 
oF M a(Sx —Sx-1) 
— a SS ke 
ad ey ab 
oF M a(Sx —Sx-1) 
rN K=1 oA 
oF M t) a 
Pie =—()= DS Gx "AEs 
af K=1 of 
Define the A matrix 
a(S; —So) a(S; — So) aS, 
ad baker af 
eT Pct 
an af 


1Ay= ised 


a(Sir —Sy-1) a(Su —Smu-1) aSu 


re ab an af 
and the residual matrix 
Ri 
iy ls 
Ru 
and an error matrix, 
Ad 
Fea An 
Af 


and rewrite the Gx functions in matrix form. 
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0 a(S; —So) a(S: —So) 
Gi =R, +~- =5.AF = a Ad— — AA 
af ab rN 
0 ‘ a(S2—S1) a(S2—S;) 
Gy =F, +> SNS Pe ss NO = AA 
af ab ar 
(S3— Sz) a(S2—S,) 
G, =R, + 8a7-———— ad-— An 
a7 ad oA 
a, _ e(Su—Sw-1) 8(Syu—Sy-1) 
Gu=Ru + —S,Af — Adb— ; Ar 
of ab an 
G=R+AE. 


Then, in matrix notation: 
A'’G=AR+AE]=[0] 
or 


E=—[ATA]'A?R. 
Navstar Global Positioning System (GPS) 


4432. Introduction.—The Navstar Global Positioning System (GPS) is a space- 
based, radio positioning, navigation, and time-transfer system that will become fully 
operational in the late 1980s. GPS has the potential for providing highly accurate 
three-dimensional position and velocity information along with Coordinated Univer- 
sal Time (UTC) (art. 1805) to an unlimited number of suitably equipped users under 
all weather conditions, continuously, anywhere on or near the surface of the Earth. 

GPS is being developed by the U.S. Government and is in the full-scale engineer- 
ing development phase (1984). The system is managed by the U.S. Air Force Space 
Division as a joint program involving all the services, plus the Defense Mapping 
Agency, the Department of Transportation, NATO, and Australia. In this phase of the 
program the production baseline for the operational satellite will be established, the 
operational control segment will be completed, and the final determination on the 
configuration of user equipment to accommodate all classes of system users will be 
accomplished. 

4433. System description.—The Navstar GPS navigation and time-transfer sys- 
tem operates on two L-band frequencies, L; (1575.4 MHz) and Lz (1227.6 MHz). The 
system consists of three major segments: a space segment, satellites that transmit 
radio signals; a control segment, ground-based equipment to monitor the satellites and 
update their signals; and a user segment, equipment which passively receives and 
converts satellite signals into positioning and navigation information. 

When fully operational at the end of 1988, the space segment will contain 18 
satellites in six orbital planes, each having three satellites. The satellites will operate 
in circular 20,200-kilometer orbits at an inclination of 55 degrees with 12-hour 
periods. Precise spacing of the satellites in orbit will be arranged such that a 
minimum of four satellites will be in view to a user at any time on a worldwide basis. 
Kach satellite will transmit an L; and an I, signal. Superimposed on these signals will _ 
be navigation and system data, including a predicted satellite ephemeris, atmospheric 
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Sogo correction data, satellite clock error information, and satellite health 
ata. 

The control segment includes a master control station (MCS) and a number of 
monitor stations and ground antennas located throughout the world. The MCS 
consists of equipment and facilities required for satellite monitoring, telemetry, 
tracking, commanding, and control, uploading, and navigation message generation. 
The monitor stations passively track the satellites, accumulate ranging data from 
their signals, and relay them to the MCS where they are processed to determine 
satellite position and signal data accuracy. The MCS updates the navigation message 
of each satellite and relays this information to the ground antennas which transmit it 
to the satellites. The ground antennas are also used for transmitting and receiving 
satellite control information. 

The user segment includes low, medium, and high dynamic receivers designed to 
different requirements of various users. The user equipment is designed to receive 
and process signals from four orbiting satellites either simultaneously or sequentially. 
The processor in the receiver then converts these signals to three-dimensional 
navigation information in World Geodetic System (art. X 12) coordinates. Positioning 
data are presented on a display unit in any other coordinate system desired by the 
user. In addition, precise time information is available for use in the host vehicle. 

4434. System capabilities.—GPS is being developed to provide multiple users 
with accurate continuous, worldwide, all-weather, common-grid, three-dimensional 
positioning and navigation information. Because of the unique capabilities of the 
system it is reversing the trend of proliferation of radio navigation systems within the 
U.S. Department of Defense. 

To obtain a navigation solution of position and time (four unknowns), four 
satellites must be selected. The GPS user measures pseudorange and pseudorange 
rate by synchronizing and tracking the navigation signal from each of the four 
selected satellites. Pseudorange is the true distance between the satellite and the user 
plus an offset due to the user’s clock bias. Pseudorange rate is the true slant range 
rate plus an offset due to the frequency of the user’s clock. By decoding the ephemeris 
data and system timing information on each satellite’s signal, the user’s receiver/ 
processor can convert the pseudorange and pseudorange rate to user three-dimension- 
al position and velocity. Four measurements are necessary to solve for the three 
unknown components of position (or velocity) and the unknown user time bias (or 
frequency). 

The navigation accuracy that can be achieved by any user depends primarily on 
the variability of the errors in making pseudorange measurements and the instanta- 
neous geometry of the satellites as seen from the user’s location on Earth. 

4435. System status.—In December 1973 the Defense System Acquisition Review 
Council (DSARC) authorized a step-wise, design-to-cost development and test program 
which would lead, in successive phases, to an operational GPS. The system concept 
resulted from the integration of the best features of previous navigation satellite 
concepts being pursued independently by the U.S. Navy and the U.S. Air Force. 

The Navstar program is being developed in three phases: Phase I, concept 
validation; Phase II, full-scale engineering and development; and Phase III, produc- 
tion. During Phase I prototype satellites were developed, a control segment was 
established, and advanced engineering models of user equipment were tested. Cur- 
rently (1984), the program is in Phase II. The main tasks of this phase include 
developing the prototype operational satellite, the operational control system, the 
prototype user equipment, and the completion of the developmental test and evalua- 
tion/ initial operational test and evaluation (DT&E/IOT&E). 
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The current (1984) GPS constellation consists of a limited number of development 
satellites configured in two planes inclined at 63 degrees with respect to the equator. 
The current constellation is shown in figure 4435a. The plan is to maintain a 
minimum constellation of five satellites for the completion of the test and evaluation 
period for the system. It is currently projected that the last test satellites will be 
launched in late-1984 and in 1985 to maintain the test configuration. 

The operational constellation is a 6-plane, uniform 18-satellite configuration plus 
three active spares. The spares are necessary to guarantee very high system availabil- 
ity for the 18-satellite constellation. Figure 4435b illustrates the operational constella- 
tion. The planes of the constellation are 60 degrees apart in longitude with each plane 
containing three satellites separated by 120 degrees. The phasing from plane to plane 
is 40 degrees so that a satellite in one plane has a satellite 40 degrees ahead (north) of 
it in the adjacent plane to the east. According to the current plan, satellites will be 
launched at a rate of eight or nine per year beginning in October 1986. Two- 
dimensional coverage should be available by the latter part of 1987 and three- 
dimensional coverage should be available by the end of 1988. 

The final operational control system (OCS) will consist of a master control 
station, three ground antennas, and five monitor stations. The initial operational 
capability for the OCS is scheduled for October 1984. Details of the operational control 
system are shown in figure 4435c. 

In 1984, contractors were developing a family of user equipment sets for demon- 
stration and testing in the current phase of the GPS program. In order to enhance 
reliability and maintainability objectives of the user equipment, three main design 
features have been emphasized: the development and procurement of a small number 
of user equipment classes, the commonality/interchangeability of units across user 
classes, and the utilization of a higher order language. These design features prevent 
the proliferation of a large number of peculiar user sets, afford the advantage of large- 
lot buys and common spares, and permit more efficient programming and reprogram- 
ming of requirement changes. The primary objective is to design and build a family of 
GPS user sets at a minimum life cycle cost consistent with performance and 
functional capabilities. Testing continues on the host vehicles to collect data to 
support the source selection decision in January 1985 for the Phase III user equip- 
ment production contract. Since 1977 more than 800 test missions have been 
accomplished. In virtually all of these tests the Navstar GPS has exceeded specifica- 
tions. 

4436. System management.—The policies for use and operation of all radio 
navigation systems controlled by the U.S. Department of Defense (DoD) are reflected 
in the Federal Navigation Plan. The plan is a joint annual publication by the 
Departments of Defense and Transportation. The operational satellites will provide 
two unique and distinct navigation services, the Precise Positioning Service (PPS) and 
the Standard Positioning Service (SPS). The PPS will be available to military users 
and access will be controlled. The PPS is the service of highest accuracy which 
provides a positioning accuracy of 15 meters SEP, a velocity accuracy of 0.1 meter/sec 
(1 sigma), and a timing accuracy of better than 100 nanosec (1 sigma). The SPS 
will be made available to the worldwide community of civil users. Current policy (U.S. 
DoD, 1988) sets the accuracy of SPS at 100 meters with a 95% level of confidence. 

The DoD policy is for Navstar GPS to become the primary DoD radionavigation 
system. As GPS becomes operational, DoD will terminate operations with other 
radionavigation systems. 
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4437. Applications.—Even though Navstar GPS is not fully operational, several 
potential civilian applications exist. GPS will provide a broad spectrum of civilian 
users with an accurate position, velocity, and time determination capability at a 
reasonable cost. Ultimately, it will replace many existing navigation systems. 

There are many potential applications for GPS. Civilian users of airborne, land- 
based, and maritime vehicles will benefit from GPS for optimal course navigation, 
which will in turn reduce fuel costs and transportation time. Search-and-rescue 
techniques can be enhanced because of the precision position identification capability 
of GPS. The mineral exploration and geophysical survey communities will be able to 
accurately locate potential petroleum bearing areas, ore bodies, and active fault belts 
in a shorter period of time. The GPS common grid feature will enhance many land- 
vehicle operations. Airborne collision avoidance systems and maritime hazard sys- 
tems are also potential users of the system. GPS time transfer applications include 
scientific, intra-system synchronization, and inter-system synchronization uses. 

In addition to the potential applications given above, GPS has determined 
performance in space applications and baseline determinations. Continuous 10 to 15- 
meter positioning in space without the use of ground tracking systems has been 
demonstrated on LANDSAT-4 using a GPS receiver. Relative positions have been 
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Figure 4435a.—Current (1984) GPS constellation. 
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demonstrated to be accurate to within several centimeters over baselines varying 
from hundreds of meters to tens of kilometers. The potential applications for GPS are 
boundless. 

4438. Conclusions.—The Navystar GPS is evolving into a highly accurate, world- 
wide, all-weather navigation/positioning system applicable to the needs of both the 
military and civilian communities. Since 1977 extensive testing has taken place which 
verified the established accuracy goals and the system operation under various 
mission-oriented conditions. There are numerous applications for which GPS can be 
exploited. Even though the system is not fully operational (1984), it is being used by 
diverse civilian groups such as NASA for orbit determination onboard LANDSAT-4 
and oil companies for geodetic positioning. As the system gains acceptance by the 
civilian community, more sophisticated uses for the system will be established. 


The Navstar Operational Constellation 
18 SATELLITES PLUS 3 ACTIVE SPARES 


mali Betis 


Ficure 44385b.—Navstar operational constellation. 
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GPS Operational Control System 
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Figure 4435c.—GPS Operational Control System. 
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CHAPTER XLV 


DOPPLER SONAR NAVIGATION 


4501. Introduction.—The doppler effect, first described by Christian Johann 
Doppler in 1842, is observed as a frequency shift resulting from relative motion 
between a transmitter and receiver or reflector of acoustic or electromagnetic 
energy. The effect on ultrasonic energy is used in doppler sonar speed logs to 
measure the relative motion between the vessel and the reflective sea bottom (for 
bottom return mode) or suspended particulate matter in the seawater itself (for 
volume reverberation mode). The velocity so obtained and integrated with respect to 
time is used in doppler sonar navigators to determine position with respect to a 
start point. The doppler effect is also used in docking aids which provide precise 
speed measurements. 

The maximum safe docking speed of vessels exceeding about 100,000 dead 
weight tons is of the order of 0.2 feet per second; the berthing facility may collapse 
when the vessel makes contact at a speed in the region of 1 foot per second. When 
anchoring these large vessels without the aid of tugs, a speed of the order of 1 foot 
per second over the ground can result in the loss of the anchor and chain. Anchor- 
ing should be effected at speeds of less than 0.5 feet per second. Therefore, precise 
determination of the speed of these large vessels with respect to the bottom is 
essential to safe operation. The required speed-measurement increments are of the 
order of 0.01 knot. 

4502. The Janus configuration (fig. 4502) normally used with doppler sonar 
speed logs and navigators employs four beams of ultrasonic energy, displaced later- 
ally 90° from each other, and each directed obliquely (30° from the vertical) at the 
ocean floor, to obtain true ground speed in the fore and aft and athwartship 
directions. These speeds are measured as doppler frequency shifts in the reflected 
beams. 

Under ideal operating conditions (i.e. a calm flat sea), the speeds are expressed 
as follows: 


Fy—Fa 
Via = a0 
€ 
Vet-p = Fst —F, , 
2F 
C 


where: 
1. Vya is the vessel’s speed over the ground in the fore and aft direction; 
2. Vst-p is the vessel’s speed over the ground in the athwartship (starboard to 
port) direction; 
3. Fy is the reflected forward beam frequency; 
4. Fy is the reflected after beam frequency; 
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Figure 4502.—Janus configuration. 


5. Ms: is the reflected starboard beam frequency; 

6. Fp is the reflected port beam frequency; 

1. Fs is the transmitter operating frequency; and 

8. C is the sound speed with respect to the water. 

A development of the above simplified equations from the fundamental doppler 
equation for sound propagation is presented in article 4506. 

4503. Operational errors.—Under actual operating conditions, the deviations 
from the ideal or assumed conditions introduce additional terms and nonlinearities 
not shown in the simplified equations. These effects may be classified as transducer 
orientation errors, vessel motion induced errors, velocity of sound errors, and power 
loss errors. 

Transducer orientation errors. If the transducers are not properly aligned with 
the vessel’s velocity vector, the speed signal is reduced by the factor, cos a, where a 
is the angle between the transducer plane and the velocity vector. For example, if 
the transducers are aligned when the vessel has no trim, and the vessel is trimmed 
to angle a, the speed signal is reduced by a factor of cosine a. This error is 
generally small; for example, a trim (or list) of 8° will reduce the fore and aft (or 
starboard to port) speed signal by 1 percent. 

Vessel motion induced errors. Even though the speed of sound is large compared 
to the vessels’ speed, the vessel may roll or pitch a degree or two during the time 
between transmission and reception of a particular wave front. This difference in 
transmission and reception angles will introduce significant errors in single-beam 
systems. However, the Janus configuration (art. 4502) causes the errors to very 
nearly cancel. For a 2° difference between the transmission and reception angle, the 
error induced, using a Janus configuration, is less than 0.1 percent of the speed 
signal. The forward speed of a vessel will also cause differences in transmission and 
reception angles, but the resulting speed errors also tend to cancel. 
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The most significant speed error is caused by the fact that, as a vessel rolls or 
pitches, the respective speed signal is reduced by the cosine of the instantaneous 
roll or pitch angle. Since this cosine factor reduces the speed signal for both positive 
and negative values of angles, this error does not cancel. Assuming sinusoidal 
rolling with a maximum roll of 25°, the average roll over one-half cycle is 16°; the 
cosine factor is 0.9613. The starboard to port speed signal is reduced by nearly 4 
percent. 

Another effect of rolling and pitching is the variation in the amplitude of the 
return signal. As the beam on the high side of a roll or pitch tilts toward the 
horizon, the path length increases and more sound energy is lost in the water. In 
addition, the beam reflection angle is decreasing and less energy is back-scattered 
along the beam. These effects can cause periodic loss of signal, especially when 
operating near the maximum depth in heavy seas. 


INCIDENT BEAM IDEAL REFLECTION 


ACTUAL REFLECTIONS 


BOTTOM 


Figure 4503.—Bottom reflection. 


The roll and pitch rates may also cause loss or attenuation of the return signals 
when narrow, sharply defined ultrasonic beams are used. Under normal operating 
conditions, the area of the bottom ‘Glluminated” by the transmitted beam is also 
“seen” by the receiving transducer. However, if the roll (or pitch) rate is very large, 
the receiving transducer may be rotated sufficiently to reduce the time it takes a 
wave front to travel to the bottom and back, so that it no longer ‘sees’ the area 
illuminated by the transmitted beam. In water 400 feet deep and a 3° beam width, 
the roll rate must be less than 16° per second if the transmitted and received beams 
are to overlap at the half-power points. 

Velocity of sound errors. The doppler frequency shifts are dependent upon the 
velocity of sound in water in the immediate vicinity of the transducer. The actual 
frequency changes occur as the sound pressure waves move from the face of the 
transducer into water undisturbed by the vessel’s hull. Similarly, a received beam 
undergoes a frequency shift as the sound travels from the undisturbed water to the 
face of the receiving transducer. 

One empirical formula for the speed of sound in seawater (ch. XXXV) is 


C= 4422 + 11.25T—0.04507? + 0.0182d+ 4.3 (S—34), 


where C is the velocity in feet per second, T' is the temperature (°F), S is the salinity 
(parts per thousand), and d is the depth below the surface in feet. The velocity of | 
sound in seawater is dependent primarily upon temperature which varies from 
about 28°F in polar regions to about 86°F in the Tropics. Over this temperature 
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range, the velocity varies about 7 percent due to temperature alone. In the open 
sea, salinity varies from about 33 to 36 parts per thousand. However, the salinity in 
bays, inlets, and rivers varies from open-sea values to freshwater values. For 
example, as one goes from the Chesapeake Bay waters at Annapolis to the Atlantic 
Ocean, the salinity increases about 25 parts per thousand. This salinity change 
results in more than 1% percent increase in velocity due to salinity alone. 

Since the transmitter oscillator frequency is held constant, the calibration 
constant (art. 4506) should vary directly as the change in the velocity in seawater. 
In some doppler speed logs and navigators, the adjustment of the calibration con- 
stant may be limited to the effects of temperature change. In some installations a 
velocimeter may be used to determine the velocity of sound in the vicinity of the 
transducer. 

Power loss errors. The speed information is contained in the frequency of the 
received signals. Therefore, the only power requirement is that the signal level be 
great enough for the receivers to separate it from the noise. If the speed signal is 
lost for very short periods at frequent intervals, there will be an erroneous speed 
indication. If the speed signal is lost for longer periods, the speed indication will 
drop to zero or the natural noise level. Commercial equipments have memory 
circuits that retain the last good speed signal until the next one is obtained to 
update the readout. This approach is not entirely satisfactory during tactical ma- 
neuvering. 

Excluding internal system losses, there are two primary areas of power loss: 

1. Power lost in the water during transit to and from the bottom. 

2. Power lost at the bottom on reflection. 

The losses in the water are caused by absorption, scatter, and normal inverse 
square spreading. The absorption and scatter losses are attenuation losses and are 
exponentially proportional to path length. The absorption loss is the energy lost to 
internal friction of the water. At the higher frequencies the loss is very nearly 
proportional to the square of the frequency but tends to become linear as the 
frequency decreases. The scattering loss is caused by the existence of suspended 
matter in the water that reflects or scatters the sound energy. This effect can be 
useful in that it may permit a doppler system to measure velocity with respect to 
water if the energy scattered back along the beam is sufficient to activate the 
receivers. Spreading losses are caused by the expansion or spreading of the wave 
front which then reduces the energy per unit area of the wave front. For spherical 
waves from a point source, the energy in a wave front, neglecting attenuation, is 
constant. Therefore, the energy density decreases inversely as the square of the 
distance from the source. 

The losses on reflection from the bottom are caused by scatter and absorption. 
In general, the sound energy is reflected from the bottom in all directions, with the 
intensity of sound energy reflected in any particular direction being strongly de- 
pendent upon the angle of incidence and the character of the bottom. 

For a perfectly smooth bottom, the incident sound beam would be reflected 
along the path labeled “ideal reflection” shown in figure 4503. This type of bottom 
would cause loss of a useful return. Actually, there is always a degree of back 
scatter. But for a very smooth mud bottom and a large angle of incidence, the back 
scatter along the incident beam is greatly reduced. The roughness of the bottom to 
a particular sound beam is dependent upon the wavelength of the sound. When the 
discontinuities of the bottom are much smaller than the wavelength, the bottom 
appears smooth and there is little back scatter. 
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The angle of incidence of the sound beam is dependent upon the slope of the 
bottom at the point of incidence. In general, the ocean bottom is similar to land 
areas with respect to valleys, hills, and similar terrain characteristics (art. 3022). 
Thus, the returned energy will vary greatly with the local slope of the bottom 
where the beam strikes it. 

The sound energy absorbed on reflection depends largely on the material of the 
bottom. The average reflection coefficients for mud bottoms are approximately 0.16 
to 0.17, whereas the reflection coefficients for sand bottoms are 0.51 to 0.82. Thus, 
when a system is operating near its maximum depth, a transition from a sand to a 
mud bottom could result in the loss of the signal reflected from the bottom. 

This brief discussion of the factors affecting the power losses in underwater 
sound transmission and losses on reflection from the bottom indicates that the 
sound power level at the receiver will vary over many orders of magnitude due to 
environmental phenomena. 

4504. Problems associated with beam geometry.—As shown in figure 4504, the 
side lobe reflects from the bottom at a more favorable angle with a shorter wave 
path than the main beam. It is evident from the development in article 4506 that if 
side lobe reception dominates over main beam reception, the result will be that the 
indicated speed will be lower than the actual speed. The Janus configuration does 
not eliminate this effect. This effect can be compensated for by transducer design 
tending to eliminate side-lobe effects. However, the beam width must be large 
enough (about 3° to 6°) to “illuminate” a sufficient area of the bottom to minimize 
the effects of bottom relief. 


aE ee _ TURBULENCE GENERATED NOISE, 
. SCATTER FROM BUBBLES. 


LOW FREQUENCY IN DOPPLER 
SPECTRUM EMPHASIZED BECAUSE 
LOWER SIDE LOBE REFLECTS FROM 
BOTTOM AT MORE FAVORABLE ANGLE 
AND WITH SHORTER WATER PATH. 
JANUS ARRAY DOES NOT ELIMINATE 
THIS EFFECT. 


Figure 4504.—Side lobe reflection. 
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4505. Basic design considerations include the following: 

Frequency. A high oscillator frequency is desirable for reducing transducer size 
and maximizing the doppler shift. However, at the higher frequencies the absorp- 
tion loss (art. 4503) is very nearly proportional to the square of the frequency. As 
the frequency is decreased, the loss tends to become linear. As the frequency is 
reduced by the designer to obtain greater maximum depth of operation in the 
bottom return mode, he encounters transducer size problems. Improvement in 
operating depth diminishes near 100 kHz while transducer size has increased con- 
siderably. Also, as discussed in article 4503, the roughness of the bottom to a 
particular sound beam is dependent upon the wavelength of the sound. Therefore, 
the frequency selected by the designer is a trade off of desired maximum operating 
depth, transducer size, and bottom composition factors. The region between 150 and 
600 kHz is finding the greatest application. 

Sound transmission. The pulse’ transmission method permits the use of relative- 
ly high power for operating at greater depths in the bottom return mode. Continu- 
ous wave transmission, however, provides more precise velocity resolution permit- 
ting operation with very little clearance between the vessel’s hull and the bottom. 
Therefore, a designer may select pulse transmission for a doppler sonar navigator 
but continuous wave transmission for a docking system to be used for precise speed 
measurements over a vessel operating with very little clearance. 

4506. Development of expressions for the vessel’s speed in the fore and aft and 
athwartship directions.—The doppler equation for sound propagation may be ex- 
pressed as 


where F, is the frequency detected by the observer, F; is the frequency of the 
source, C is the speed of sound in the medium, Vm is the speed of the medium, V, is 
the speed of the observer, and V; is the speed of the source. All speeds are velocity 
components along the direction of sound propagation and are considered positive if 
moving in the same direction as the sound. Consider as shown in figure 4506a, the 
situation where the sound source (transmitter A) and observer (receiver A) are 
connected and moving at velocity Vs with respect to the ground. Similarly consider 
transmitter B and receiver B connected and moving at velocity Vz. Vw represents 
the water velocity with respect to the ground; C represents the sound velocity with 
respect to the water. If transmitter A has a frequency F;, the frequency received by 


receiver B is given by 
C+ Vw — Ve 
leis |i =e = Bee: 
C+ Vw—Va 


Assuming that transmitter B always emits the same frequency received by receiver 
B, then receiver A receives a frequency given by 


C+(— Vw)—(— Va) 
F,=Fp ; 
C+(— Vw)—(— Va) 


The signs of Vw, Va, and Vg are negative because they are directed opposite the 
sound propagation between transmitter B and receiver A. Thus, the frequency 
received by receiver A may be written as 
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C+ Vw— Ve C—Vw+ Va 
ae ee nsec oh gained 
C+ Vw— Va C— Vw Va 
If the transmitter-receiver unit, B, is stationary with respect to the ground, Vz=0. 
Then, receiver A will receive a frequency given by 


C+ Vw C— Vw Va 
Ul Sasa IM gi em age ars aA ese Fed 
C+ Vw— Va C— Vw 


rich ae ae eee aes See re, ee 
WATER 
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Ficure 4506a.—Sound transmitters and receivers in a moving medium. 


If unit A is attached to a vessel’s hull, and a reflector, the ocean bottom, is 
considered to act in the same manner as unit B, then the vessel’s speed over the 
ground can be derived from the doppler shift, 7; —F. 

Because the ultrasonic beam is not usually directed along the vessel’s velocity 
vector and only a component of velocity along the beam results in a doppler shift, 
the doppler equation as given must be modified. 

Inspection of the Janus arrangement shown in figure 4506b reveals that the 
components of the vessel’s velocity (Via) and the water’s velocity (Vw) in the fore 
and aft plane which cause doppler shifts are cosine projections along the ultrasonic 
beam. These components for the forward beam are Vya cos @ and Vw cos @, respec- 
tively. 

For forward velocities, the reflected forward beam frequency, Fy, is increased; 
and the reflected after beam frequency, Fu, is decreased. If there were vertical 
velocity components, their sine projections along the beams would cause doppler 
frequency shifts. However, for vertical velocities, the frequencies of both the for- 
ward and after beams would be shifted in the same direction and by the same — 
amount. No significant change of the difference frequency would be observed. 
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FiGuRE 4506b.—Janus fore and aft beams. 


If the vessel is pitching, the received signal will not return to the receiver at 
exactly the same angle at which it was transmitted. Thus, the reflected forward 
beam frequency is given by 


C+ Vw cos 6 C— Vw cos 0'+ Vja cos 6’ 
C+ Vw cos 0— Vya cos @ C— Vw cos 6’ 
where @ is the beam angle with the vessel’s fore and aft axis at transmission and 6’ 
is the beam angle at reception. 
The reflected after beam frequency is given by the same equation except that @ 
and @’ are replaced by # and ¢’, respectively. The fact that the after beam is 


directed aft is accounted for in the cosine projections, i.e., cos @ and cos @’ are 
negative. 


y=k 


=F; 


C+ Vw cos b C— Vw cos $'+ Vja cos ’ 
C+ Vw cos 6— Via cos b  C—Vw cos d' ; 


Since the doppler shifts of the forward and after beams are in opposite direc- 
tions, the difference between the frequencies of the two reflected beams is used to 
determine the vessel’s fore and aft speed. If the sum of the frequencies were used, 
the doppler shifts would be cancelled. The difference frequency or speed signal is 


given by 


C+ Vw cos 6 C— Vw cos 6’+ Via cos 6’ 
Fy—Fa=Fs 


C— Vw cos 0’ 


C+ Vw cos 0— Vya cos 6 


C+ Vw cos C— Vw cos $'+ Vya cos 
Ne C— Vw cos 6" 


+ Vw cos b— Vya cos b 


Several approximations can be made to simplify this equation. Multiplying the two 
factors in the numerator of the first term gives 
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(C+ Vw cos 0) (C— Vw cos 6'+ Vya cos 0')=C?—CVw cos 0’ 

+ CVja cos 6’ + CVw cos @— V2w cos 8 cos 0’ + Vya Vw cos 8 cos 6". 
Multiplying the two factors in the denominator of the first term by 1/C? gives 
(C+ Vw cos 0— Vja cos 0) (C— Vw cos 0’)=C?—CVvw cos 0" 


+CVy cos 6— V2w cos @ cos 6’—CV ja cos 8+ Vya Vw cos 6 cos 6’. 


By multiplying both the numerator and the denominator of the first term by 1/C? 
we obtain: 


1/C*(C?—CVy cos 6’+ CVja cos 6’ + CVw cos 6— V2w cos 8 cos 8’ + Vya cos @ cos 6’) 
1/C2C?+ CVw cos @—CV ja cos 0—CVw cos 6’ — V2w cos 8 cos 0'+ Vja Vw cos 8 cos 6’). 


Since C> > Vw or Vya, terms containing V2y/C? and Vja Vw/C?, along with trigono- 
metric functions can be neglected. The first term then becomes: 

1/C2(C2—CVw cos 0’+ CV ya cos 6’'+ CVw cos 6’) - C(C+ Vja cos 0')+ CVw cos 6’— cos 6’) 

1C7(C?+ CVw cos 0'—CV ja cos 6’ —CVw cos 6") C(C— Vya cos 6')+ CVw (cos 6’—cos 6’) 


Ca: Vya cos 0')+ Vw (cos 6’— cos 6’) 
5 (C— Vya cos 6’)+ Vw (cos 6’— cos 0’). 


The second term of the equation can be simplified by similar approximations. The 
equation can then be written as: 


(C+ Vya cos 6’)+ Vw (cos @— cos 6’) 
(C— Vjya cos 8)+ Vw (cos @— cos 6’) 


Fy—Fa =F, 


(C+ Vya cos o') Vw (cos b— cos ’) 
ae Ee , 
(C— Vja cos >) Vw (cos 6— cos ¢’) 


Since the transmitted and received angles are very nearly the same, the cosine 
difference terms can also be neglected. Then, 


(C+ Vya cos 0") (C+ Vya cos o’) 
Fela Hs — é 
(C— Vja cos 6) (C— Vya cos o) 
or 
Via a Via 
Fy—Fo=Fa| 1+ * cos 6’ | | 1— Va cos 6 }-1—| 1+ —" cos o' |} t1— Vor cos } 7]. 
C C C C 


Expanding the factors with the negative exponent in power series and multiplying 
gives: 
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F;—Fa=F; 


Via Vira Zan 3 
1+ > cos 6' 1+4—4 Soe Get cos? @ + 2 cos’ +... 
Cc CG C (Ce 


Via Vira V3 ys 
—|{ 1+— cos o’| | 1+ — cos Sgt ei r —* cog 
( A | i b EL ae 5 
Multiplying the factors and retaining only first order terms, 


F;—Fa=Fs; 


Vira 
et (cos 8+ cos 6'—cos d—cos o'| . 


Assuming that @=6' and =’, the cosines are very nearly equal. Then, 


2F Vya 
Fy—hg= (cos @—cos @). 
With @=60° and d=120’, 
2Fs 
Fy—-la=— _— Vya; 
C 


where Vya is the vessel’s velocity component in the fore and aft direction. A similar 
equation applies to the athwartship component: 


2F; 
Fs: —Fp= rere) Vst=p- 
G 


where Fy: is the reflected starboard beam frequency, > is the reflected port beam 
frequency, and Vs-p is the athwartship (starboard to port) velocity. 
The speed indication, S;, is given by: 


Si: =kV (Fy — Fa)? + (Ft —Fo? 


EA) — Vja}? + = eV se—p, 7 
Cc C 


2) VFa =F Vs —p 
G 


Thus, when the system calibration constant, k, has the value 


B= as 
2K 


the speed indication is equal to the actual speed, V. 
The drift angle 
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CHAPTER XLVI 


INTRODUCTION TO INERTIAL NAVIGATION 


4601. Introduction.—Iertial navigation is the process of measuring a craft’s 
velocity, attitude, and displacement from a known start point through sensing the 
accelerations acting on it in known directions by means of devices that mechanize 
Newton’s laws of motion (art. 1407). Since these laws are expressed relative to 
inertial space (the fixed stars), the term “inertial” is applied to the process. 

Inertial navigation is described as “self-contained,” that is, independent of 
external aids to navigation. It is also described as ‘“‘passive” because no energy is 
emitted to obtain information from an external source. Thus, inertial navigation is 
fundamentally different from other methods of navigation because it depends only 
on measurements made within the craft being navigated. 

Inertial navigation is often referred to as a dead reckoning method because 
position is obtained by measuring displacements from a start point in accordance 
with the motion of the craft. 

4602. The basic principle of inertial navigation is the measurement of the 
accelerations acting on a craft, other than those not associated with its orientation 
or motion with respect to the earth, and the double integration of these accelera- 
tions along known directions to obtain the displacement from the start point. 

If the indicated acceleration of the craft from rest is constant, velocity and 
distance traveled can be found from the equations: 

U—Aat 
and 

S= 2, at. 
where a is the acceleration, v is the velocity, s is the distance, and ¢ is the time. But 
the acceleration must be constant. The equations cannot be used for varying accel- 
erations unless very small time increments are used, and the increments of velocity 
or distance are integrated (art. 147, vol. II). The equations, using the calculus 


notation are 
v= fa dt 


s= |v dt, 


where dt denotes a very small increment of time. 

4603. Inertial sensors used in the mechanization of Newton’s laws of motion, 
hereafter called the inertial navigator or navigator, are gyroscopes (art. 630) and 
accelerometers. The gyroscopes sense angular motions of the vessel. The acceler- 
ometers sense the vessel’s linear accelerations which are changes in linear velocity. 
The inertial sensors are subject to all motions of the vessel in inertial space. Since 
some of these motions do not change the vessel’s position or orientation on the 
earth and since the attitude and motion of the inertial navigator with respect to the 
earth is desired, it is necessary to apply certain corrections to the inertial motions 
(art. 4604) sensed in order to obtain the corresponding earth referenced values. 
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Although the gyroscope is discussed in some detail in article 630, the following 
discussion of this inertial sensor is written to meet the needs of an introductory 
treatment of inertial navigation. 

The principle of conservation of angular momentum states that a system will 
maintain its angular momentum if no external forces are applied to it. Thus, the 
rotor (mass) of a gyroscope must maintain a constant angular momentum about its 
spin axis if no external forces are applied. Both the amplitude and direction of the 
angular momentum must be conserved. The spin axis, therefore, tends to maintain 
the same direction in inertial space. This property is called gyroscopic inertia or 
rigidity in space. 

If a rotational or couple force is applied to the rotor through the gyroscope’s 
supports, an additional angular momentum is introduced and the gyroscope’s orien- 
tation will change to include this along with its original angular momentum about 
the spin axis and the axis of the applied force. This property of the gyroscope is 
called precession. 

Precession causes the gyroscope to tend to align its spin axis with the axis of 
the applied torque (fig. 4603a). If the axis of applied torque is designated as the 
input axis, then the precession of the gyroscope can be determined by rotating the 
spin axis into the input axis through the smaller angle. Using this nomenclature 
the axis of precession is often called the output axis. 

The rigidity of a gyroscope produces a phenomenon called apparent precession. 
This is due to the fact that as the gyroscope maintains its original orientation in 
space, the earth turns beneath it. As a result, to an observer on the earth, the 
gyroscope appears to turn or precess when actually it remains fixed in space. This 
apparent precession is shown in figure 4603b. If it is desired to have the gyroscope 
maintain an orientation referenced to the earth, it must be precessed (torqued) in 
such a manner as to remove the apparent precession. 

The gyroscope described above is known as a two-degree-of-freedom gyroscope. 
It consists of an axially symmetric rotor supported in a case in such a way that one 
point on the axis is fixed relative to the case and the spin axis itself is free to 
assume any angular orientation relative to the case. A gimbal system supports the 
rotor within the case and provides angular freedom. An example of such an ar- 
rangement is shown in figure 4603c. 

The spin axis has the ability to move about two axes with respect to the case 
(the enclosure not shown to which the gimbal system is attached). The gyroscope 
rotor is free to precess about either of the two supporting gimbal axes depending 
upon where the force is applied. 

For practical application of the gyroscope to an inertial navigator it is more 
useful to design a gyroscope which is able to precess about only one axis called the 
output axis. Such a gyroscope will respond (precess) to rotations of the case about 
an axis known as the input axis. This allows the gyroscope to perform a control 
function with respect to an axis. With three such gyroscopes, mounted on a plat- 
form such that the input axes are mutually perpendicular, three-dimensional atti- 
tude control of the platform is obtained. Any component of rotation about the input 
axis causes a rotation about the output axis and can be sensed and used to control 
the orientation of the platform on which the gyroscope is mounted. 

By attaching the outer gimbal of figure 4603c rigidly to the case such a 
configuration is obtained. The gyroscope now has just one axis of freedom with ~ 
respect to the case about which it can precess. This is called a single-degree-of- 
freedom gyroscope (fig. 4603d). 
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Ficure 4603a.—Precession of a gyroscope. 


Velocity is the linear rate of change of position. If the velocity is known it can 
be integrated with respect to time to determine the change in position. However, 
velocity cannot be sensed or measured with an inertial device since there is nothing 
inertially to distinguish one velocity from another. 

A body at rest will remain at rest unless acted upon by an external force, and a 
body in motion will retain the motion unless acted upon by an external force. By 
measuring forces acting on a test mass, changes in velocity can be detected. This 
rate of change in velocity, called acceleration, is what accelerometers measure. The 
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FiGuRE 4603c.—Two-degree-of-freedom Figure 4603d.—Single-degree-of-freedom 
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measuring device is properly called an accelerometer; but, since the integration is a 
simple step, the term velocity meter often is used. 

In its simplest form, the accelerometer consists of a test mass, as shown in 
figure 4603e, constrained to measure accelerations in a particular direction (the 
sensitive axis) with a scale, or other appropriate device, to indicate its output. If the 
frame is accelerated to the right (fig. 4603e) the test mass lags behind since the 
acceleration is applied to the frame, not the test mass. The test mass displaces 
enough for the constraining springs to apply a force proportional to the accelera- 
tion. The test mass then moves with the case maintaining its constant displace- 
ment. When the acceleration is removed from the frame, the constraining springs’ 
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way as does an actual acceleration, even though the frame is at rest 
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Figure 4603e.—Basic accelerometer. 


This basic accelerometer demonstrates the principle of operation of inertial 
accelerometers. It must be kept in mind that these inertial accelerometers are 
sensitive to more than just the accelerations with respect to the earth. Since they 
are sensitive to accelerations in space, their output includes other inertial accelera- 
tions which are not due to travel over the earth’s surface. A compensation must be 
made for these inertial accelerations so that the quantity left is the acceleration 
with respect to the earth. What these inertial accelerations are and how a compen- 
sation is made is discussed in article 4604. 

4604. Inertial motions.—The motions affecting the inertial sensors may be 
divided into two categories: rotations and accelerations. The rotations are: 


1. craft’s roll, pitch, and yaw, 
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2. earth’s rotation (earth rate), 

3. changes in latitude and longitude. 
The accelerations of concern are: 

1. craft’s acceleration with respect to the earth, 

2. acceleration of gravity, 

3. Coriolis acceleration. 

Some of these motions are interrelated. For example, Coriolis acceleration results 
from the rotation of the earth. The rotation of the earth has an affect on gravity. 
There can be no latitude or longitude changes without acceleration with respect to 
the earth. 

There are some inertial motions whose effects are negligible; that is, their 
effects are below the sensitivity level of the sensors. These motions are precession 
and nutation (art. 1419) and the acceleration of the earth in its orbit in accordance 
with Kepler’s second law (art. 1407). 

The revolution of the earth about the sun is included in the total earth rate, 
which equals the vector sum of the earth’s rotation and revolution. 

Since the inertial navigator deals with the earth referenced values of velocity, 
attitude, and position, and, since the gyroscopes maintain direction with respect to 
inertial space, it is necessary that the gyroscopes be controlled to maintain a 
reference with respect to the earth. In the discussion of the inertial navigator which 
follows, the earth reference used is the local vertical and an orientation with 
respect to true north. 

The rotation of the earth causes the local vertical for a given position to change 
its direction in space. This change is not obvious to anyone on the earth because the 
local vertical maintains the same orientation with respect to the earth. To prevent 
the local vertical indication of the inertial navigator from being stationary in space 
due to rigidity in space (apparent precession), an earth rate torquing signal is 
applied so that the inertial navigator rotates about the earth’s spin axis at the same 
rate that the earth does. As a result, the inertial navigator, which is controlled by 
the gyroscopes, maintains the desired orientation with respect to the earth as the 
earth rotates in inertial space. 

The earth rate torquing signal is only one part of the total torquing signal 
going to each gyroscope. The change in position of the inertial navigator on the 
earth’s surface also causes the local vertical to change direction in space. This is 
due to the fact that in going from one position to another the inertial navigator is 
changing from one local vertical to another. This is demonstrated in figure 4604a. 
As the inertial navigator travels over the earth’s curved surface from position 1 to 
position 2, the “‘correct’’ orientation is shown by the solid line figure at position 2. 
The broken line figure represents the inertial navigator after the change in position 
without compensation for the change in the local vertical. 

Each gyroscope must also be torqued because of its own internal drift with 
respect to inertial space. This precession can be caused by such factors as internal 
torques produced by friction and mass imbalance. The compensation applied for this 
drift is called gyro bias. 

As shown in figure 4604a, the total angular change in the local vertical in 
moving from position 1 to position 2 is represented by 6. The value of 0, expressed 
in radians, is a function of the distance traveled, S, and the radius of the earth, R. ~ 
Stated mathematically, this is: 
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Figure 4604a.—Change in local vertical with movement over earth’s surface. 
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However, the quantity of interest in maintaining the correct orientation to the local 
vertical due to change in position is the rate of change of 6 with respect to time. 
Assuming R to be constant, 


Since the time rate of change of distance, S, is velocity, V, 
oh) WY 


dt R- 


Thus, the appropriate gyroscopes must be torqued at this rate so that the vertical 
indication of the inertial navigator will remain correct as the craft moves over the 
curved surface of the earth. When the gyroscopes receive a properly calibrated 
signal to compensate for the change in the local vertical due to movement over the 
earth, the system is said to be Schuler tuned. 

If the accelerometer is tilted, it will be affected by gravity. The output which 
would be produced would not be due to any acceleration of the inertial navigator 
with respect to the earth and so a compensation must be made. The simplest 
solution for elimination of the effect of gravity is to place the accelerometer so that 
its sensitive axis is perpendicular to gravity. Since all accelerations which result in 
a change in position are perpendicular to the local vertical, this orientation allows 
the accelerometer to measure these accelerations without being affected by gravity. 
Two accelerometers, then, are placed perpendicular to the local vertical and perpen- 
dicular to each other so that together they can measure any acceleration which will 
result in a change of position on the earth’s surface. A third accelerometer is 
necessary to measure any accelerations of the navigator along the local vertical. 
This one also senses the total magnitude of gravity acceleration which is compen- 
sated for in the computer of the inertial navigator. 

Another acceleration occurring in inertial space which is not an acceleration 
with respect to the earth is Coriolis acceleration. Since the inertially oriented 
accelerometers produce outputs due to Coriolis acceleration, a compensation must 
be made. This is not a difficult problem because the Coriolis acceleration can be 
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calculated and therefore removed from the output of an accelerometer before that 
output is used to provide inertial navigator values. 

A body experiences Coriolis acceleration when it travels over a rotating surface 
in a direction perpendicular to the axis of rotation. The acceleration is not within 
the reference frame of the rotating body, but within the reference frame in which 
the body is rotating. A merry-go-round can be used to illustrate the often misunder- 
stood Coriolis acceleration phenomenon. 

If as shown in figure 4604b a ticket-taker starts from the center with a velocity, 
v, toward horse A, he will reach the horse at some finite time, ¢, later. With respect 
to the merry-go-round he traveled at a constant velocity and therefore did not 
accelerate. However, when using the ground below the merry-go-round as the 
reference in which to make the measurements of his motion, it can be seen that in 
the time it takes for the man to get to the horse, the horse has moved to position 
A’. This is due to the rotation, w, of the merry-go-round. The path of the man with 
respect to the ground is shown as the solid curve even though his velocity with 
respect to the merry-go-round is directed radially at all times as shown by the two 
representative vectors along the path. 


FicurRE 4604b.—Motion on a merry-go-round. 


The Coriolis acceleration which causes the path over the ground to curve is 
determined as follows: 

While going from the center to the horse the man was moved (with respect to 
the ground) counterclockwise, a distance S. This distance, written in terms of the 
acceleration which produced it, is: 


S=1/2 at?. 


The distance may also be expressed in terms of the angle 6 (which equals the 
angular rate, w, of the merry-go-round multiplied by the time, ¢, involved) and the 
radius (which equals the velocity, v, of the man with respect to the merry-go-round 
multiplied by the time, ¢, involved). This expression is: 


S=06vt=otvt=wvt?. 
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By equating these two expressions and solving for a, 


1/2 at??=wvut?, 
a=2vw. 

In the case of the rotating earth in an inertial frame of reference, Coriolis is an 
apparent effect acting on a mass in motion. The principle of conservation of angular 
momentum states that a mass in motion will maintain its angular momentum if no 
external forces are applied. As a body in motion travels northerly in the Northern 
Hemisphere the radius of rotation of earth decreases with latitude causing the 
linear velocity of earth to slow down in an easterly direction while the angular 
momentum of the body is maintained. Hence, the earth’s coordinate frame lags 
relative to the position of the moving body in inertial space causing the effect of the 
body to be deflected to the right. In the case of southerly motion of a body in the 
Northern Hemisphere, the radius of rotation of earth increases causing the earth’s 
coordinate frame to speed up in an easterly direction relative to the position of the 
body resulting in the appearance of the body to lag the coordinate frame and be 
deflected to the right. The opposite effect occurs in the Southern Hemisphere 
causing the body in motion to appear to be deflected to the left. The change in the 
earth’s radius of rotation is proportional to the convergence of the meridians, or the 
sine of the latitude. This apparent effect was first discovered by Gaspard Gustave 
de Coriolis shortly before the middle of the nineteenth century for whom it was 
named. It was given quantitative formulation by Ferrel. The general equation is: 


D=2Qv sin lat. 


where D is Coriolis displacement, =277/86,164 seconds in a sidereal day = 
0.0000729 radians/sec,1852 meters=1 knot, g=9.8 meters/sec?, sin Jat. = conver- 
gence, 57.3 60=conversion from radians to minutes, hence nautical miles. 


2 0.0000729 x 1852 v sin lat. 
Ds —0(.00000765 radians v sin Jat. 


9.8 x 3600 


0.00000765 x 57.3 x 60 =0.0263 v sin Jat. per knot=0.263 v sin lat. per 10 knots. 


4605. Stable platform.—The function of the accelerometers in the inertial navi- 
gator is to sense the accelerations of the craft with respect to the earth so that a 
computer can determine the craft’s velocity, attitude, and position. The function of 
the gyroscopes is to maintain the accelerometers in the correct orientation to 
measure these accelerations. The function of the gimbals is to provide the physical 
support for the gyroscopes and accelerometers, and provide three degrees of free- 
dom with respect to the craft. The gimbals, gyroscopes, and accelerometers together 
with associated electronics and gimbal torquer motors form a stable platform. 

The function of the stable platform is to establish and maintain a reference 
system in which the measurements necessary to produce the navigator outputs are 
taken. The reference system most commonly used is based upon the local vertical 
and the direction of north. Both of these are referenced to the earth. As a result, 
“stable” in stable platform means fixed to or stable with respect to the earth. This 
means that any motion or force which might disturb the reference system must be 
accounted for and its effect must be eliminated. This would include motions in 


inertial space (art. 4604) as well as motions of the craft in which the navigator is 


mounted. 


1188 INTRODUCTION TO INERTIAL NAVIGATION 


Since the craft in which the stable platform is mounted operates in three 
dimensional space, it has three degrees of freedom with respect to the earth. In 
order to maintain a reference fixed to the earth, the stable platform must have 
three degrees of freedom with respect to the craft. The stable platform contains 
three gimbals, one for each degree of freedom necessary for the stable platform. 
Each gimbal has rotational freedom about one axis with respect to its supporting 
element. The gimbal can be driven with respect to its support about the gimbal axis 
by a gimbal torquing motor. 

In the configuration shown in figure 4605a, the gimbal which is supported by 
the craft is called the pitch gimbal. The pitch gimbal in turn supports the roll 
gimbal on an axis perpendicular to the pitch axis. The roll gimbal supports the 
heading or azimuth gimbal. The heading gimbal has one degree of freedom with 
respect to the roll gimbal, and rotational movement about the heading gimbal axis 
with respect to the roll gimbal is a change in heading. The heading gimbal through 
its own axis and the axes of the roll and pitch gimbals has three-degree or complete 
rotational freedom with respect to the craft in which the platform is mounted. The 
heading gimbal is able to assume any orientation with respect to the craft within 
the limits of the gimbal physical restraints. 
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Ficure 4605a.—Stable platform. 


The heading gimbal, then, is the reference system which the stable platform 
maintains in some desired orientation with respect to the earth. Mounted on the 
heading gimbal are the accelerometers whose sensitive axes must be maintained 
within the desired reference system. 

The following discussion of a single-degree-of-freedom stable platform (useful 
for training purposes only) is presented as an aid to understanding how the stable 
platform functions to maintain the reference system. 

As shown in figure 4605b, the single-degree-of-freedom stable platform consists 
of a single-degree-of-freedom gyroscope, an accelerometer with integrator (velocity 
meter), a gimbal with rotational freedom about one axis with respect to the support- 
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ing craft, and a torquer motor which drives the gimbal with respect to the craft 
about the gimbal axis. The gyroscope input axis is aligned to the gimbal axis, and 
the input axis of the accelerometer is aligned perpendicular to the gimbal axis. 
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Ficure 4605b.—Single-degree-of-freedom stable platform used for training purposes only. 


As discussed in article 4604, there are several motions which can disturb the 
orientation of the heading gimbal. These are divided into rotations and linear 
accelerations. Some of these motions do not change the craft’s position or orienta- 
tion on the earth. The single-degree-of-freedom platform can be used to examine 
each motion. 

If the supporting craft should undergo any base motion (roll, pitch, or yaw) 
about the gimbal axis, the platform through friction in the gimbal axis would also 
start to rotate about the axis with respect to the earth. The rotation rate of the 
gimbal with respect to the earth would not be nearly so great as the rotation rate of 
the craft about this axis because the axis is made as frictionless as possible. There 
could, however, be some displacement of the gimbal. The gyroscope would sense this 
instantaneously since its input axis is aligned with the axis of the platform. This 
disturbance about the gyroscope’s input axis would cause an output from the 
gyroscope. This output would go to and excite the gimbal torquing motor which in 
turn would drive the gimbal with respect to the craft about the gimbal axis. 

The gimbal, gyroscope, and torquer motor form a closed system or closed loop. 
The gyroscope senses any rotation of the platform with respect to the earth, and the 
gyroscope output drives the gimbal through the torquer motor at the exact rate 
necessary to maintain its orientation with respect to the earth. If the rate of 
platform disturbance increases or decreases, the gyroscope output signal increases 
or decreases to keep the gimbal in the same position relative to the earth. This 
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keeps the accelerometer in the original position because the reaction of the gimbal, 
gyroscope, and torquer motor loop is instantaneous and linear. 

The rotation of the earth (earth rate) is another motion that tends to disturb 
the heading gimbal. Figure 4605b shows the earth rate torquing signal as a part of 
the total gyroscope torquing signal. The value of this signal is a function of the 
orientation of the gyroscope’s input axis with respect to the earth’s axis of rotation. 
The effect of the torquing signal is to rotate the platform about its axis in space at 
the same rate that the earth is rotating about this axis so that the platform 
maintains its orientation with respect to the earth. 

The single-degree-of-freedom stable platform is also compensated for any dis- 
turbing effects of Coriolis acceleration and gravity acceleration. As shown in figure 
4605b, the usual procedure is to make a correction to the output of the velocity 
meter in the computer of the inertial navigator. (If these errors are not compensat- 
ed, they become part of the Schuler tuning gyroscope torquing signal and cause this 
signal to be in error.) 

As indicated in article 4604, the purpose of Schuler tuning is to insure that the 
vertical indication of the inertial navigator remains correct as the craft moves over 
the curved surface of the earth. Two Schuler tuned loops are needed to maintain 
the desired orientation of the local vertical. One, called the X Schuler loop, consists 
of the X gyroscope and Y velocity meter, and controls the vertical indication about 
the input axis of the X gyroscope which is positioned in the horizontal plane 
normally in a north-south alignment. The other, the Y Schuler loop, consists of the 
Y gyroscope and X velocity meter, and controls the vertical indication about the 
input axis of the Y gyroscope which is in the horizontal plane perpendicular to the 
X gyroscope input axis. Since these Schuler loops are identical in operation, only 
the X Schuler loop will be examined. 

Figure 4605c is a block diagram of the X Schuler loop. This figure shows only 
those signals primarily concerned with that characteristic of the inertial navigator 
called Schuler tuning. Other signals such as earth rate, gimbal movements due to 
vehicle base motions, gyro bias and drift, and Coriolis acceleration are not repre- 
sented. The inputs to the accelerometer are the acceleration of the vehicle in the Y 
direction (AY) and the gravity acceleration (g-MX) caused by a tilt about the X axis 
(MX). The actual value of gravity acceleration is g sin MX but MX is small enough 
to write this as g-MX. The inputs to the gyroscope are the accelerometer output 
scaled to be the Schuler gyro torquing signal and the rotation in space about the 
gyroscope’s input axis due to the craft’s movement over the surface of the earth. 

Without tilt, no gravity acceleration is sensed by the accelerometer. The only 
input is an acceleration of the craft (AY) which produces the integrated output, 
velocity in the Y direction (VY). This is Schuler tuned by using the effective earth’s 
radius as the scaling factor, and the signal that results (pxc) is the computed value 
of angular rate of change of the vertical indication about the X axis. This should 
match the actual rate represented by px. When this happens there is no gyroscope 
output and therefore no tilt. Hence the system maintains its correct vertical indica- 
tion and is properly Schuler tuned. 

With the system Schuler tuned, if a tilt arises, the accelerometer has an output 
due to gravity (g-MX) which when integrated with time is represented as VY. This 
value is also scaled in the Schuler loop and becomes part of the gyro torquing 
signal. In fact, the accelerometer is incapable of distinguishing between craft accel- 
erations and gravity accelerations due to tilt. This error in the gyro torquing signal 
causes the platform to turn at a rate different from its space angular rate due to 
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Ficure 4605c.—Block diagram of Schuler tuned single-degree-of-freedom stable platform. 


change in position. Fortunately, this error always drives the platform toward the 
proper vertical indication, decreasing MX. 

However, as the tilt is decreasing, the gyroscope torquing signal causing the tilt 
to disappear is increasing because it is the integral of the tilt. As a result when 
MX=0, pxc is a maximum and the platform continues to drive about the X axis 
causing a tilt to build up in the opposite sense. This g(—MX) is integrated with 
time and causes the gyroscope torquing signal to decrease as the tilt builds up. The 
gyroscope torquing signal will be zero when the tilt has reached the original value 
with opposite sense. This tilt in turn causes the platform to drive back toward the 
vertical, and the process repeats itself in a mirror image. The process will continue 
to repeat itself, oscillating back and forth about the correct vertical indication. 

This oscillation about the vertical is called Schuler oscillation. It has the 
characteristics of a pendulum whose length is equal to the earth’s radius. This 
Schuler pendulum (art. 635) has a period of oscillation of about 84.4 minutes. 

In the presence of such an oscillation, the platform would never settle to the 
vertical. Such a platform would yield erroneous values of ground velocity, and 
therefore, erroneous values of latitude, longitude, and heading. All of the data 
generated from the vertical loop would be varying about the true values by virtue 
of the oscillation. Provisions must be made for “damping” or settling this oscilla- 
tion. 

4606. Damping refers to the process of reducing the amplitude of the oscillation 
in the vertical. To reduce the amplitude of the oscillation, the velocity caused by 
the gravity acceleration must be caused to come to zero at an angle @ which is 
smaller each oscillation. After several oscillations, the angle @ and the gravity 
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induced velocity are made to be zero at the same instant. The amount of velocity 
(due to tilt) is determined by the angle of tilt and the amount of time the platform 
stays off the vertical. The maximum angle of tilt is that angle at which the signal 
from the accelerometer begins to change in response to the gravity acceleration, 
and thereby starts the platform back to the vertical. The maximum rate of change 
of tilt occurs as the platform passes through the vertical. Since erection to the 
vertical is desired, maximum damping must occur as the tilt angle passes through 
zero. A change in the vertical loop gain such that the gain is minimum as the tilt 
angle passes through zero, and maximum when the tilt is maximum, yields the 
desired damping. A method of detecting the presence and magnitude of tilt, and of 
using a signal proportional to the rate of change of tilt to vary the gain of the 
vertical loop is necessary, then, to damp the vertical. 

To detect the presence of rate of change of tilt, the change in velocity output of 
the accelerometer due to actual change in velocity of the craft must be distin- 
guished from an output change due to gravity. To accomplish this differentiation, a 
secondary source of craft velocity unrelated to the accelerometers, and unaffected 
by gravity, must be used. By subtracting this secondary reference velocity from the 
accelerometer output, the actual craft velocity is cancelled out (if the secondary 
reference is accurate). The difference is the rate of change of tilt. This signal is 
maximum as @ passes through zero. 

Since maximum damping is desired as @ passes through zero, a portion of this 
signal can be used for damping the vertical loop. It has the desired characteristic of 
being maximum in respect to the velocity signal when the platform is being driven 
through the vertical and minimum when the platform is a maximum tilt. Figure 
4606 shows the block diagram of a damped vertical loop. The secondary velocity 
signal (VRL) from the electromagnetic log is resolved into the north and east 
components and subtracted from the inertial velocity. The velocity difference, AV, is 
multiplied by the damping constant (K) and applied as an input to the first integra- 
tor. This signal (AV) should represent the integral of the acceleration due to 
platform tilt, ie., platform tilt rate. It is greatest when the platform crosses the 
vertical. Fed back in such a way as to subtract from and thereby reduce the velocity 
signal, it will settle or damp the vertical by reducing the amplitude of the maxima 
of the velocity oscillations. 

Any velocity difference (AV) (inertial velocity in respect to secondary velocity) 
appears as a damping signal. A premium is placed on the secondary velocity source 
in this system because inaccurate response of the secondary velocity is interpreted 
by the damping circuitry as a tilt. When the reference velocity is noisy or inaccu- 
rate, a forced error is caused to appear in the vertical due to the damping circuitry. 
To prevent (or minimize) these errors, the value of K must be kept low (much less 
than unity), the secondary velocity source must be of good quality, or the damping 
circuit must be disabled during periods of error in the secondary source. 

The electromagnetic log (art. 618) is subject to several errors. It does not 
measure the actual speed over the ground; in the presence of a current, there is a 
constant difference between the two velocities. The EM log lags the accelerometer 
in response to a change in velocity. The EM log is not usable in turbulent or 
shallow water, and its velocity components vary irregularly during ship maneuvers. 

Figure 4606 shows a vertical loop which settles with a constant small tilt in the 
vertical when there is a constant AV. The constant tilt gives rise to an accelerome- 
ter output just equal and opposite to the product of AV and the damping constant. 
There is no error in the inertial velocity signal, however, and transient vertical 
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Ficure 4606.—Block diagram of a damped vertical loop. 


disturbances are settled out. Constant electromagnetic log errors can be compensat- 
ed by a technique known as “third-order damping.” 

4607. Stabilization loop.—When going from the single-degree-of-freedom to the 
three-degree-of-freedom stable platform of a practical inertial navigator, provision 
must be made for the fact that a gimbal is rotated about a gyroscope’s input axis in 
response to an output from that gyroscope, and the output from a particular 
gyroscope is not always routed to the same gimbal torquer in the stable platform. 
The function of the stabilization loop is to provide the means for the gyroscope 
outputs to be routed to the proper gimbal torquers. 

Three gyroscopes are mounted on the stable platform of the inertial navigator 
so that the input axes of the X and Y gyroscopes are perpendicular to each other 
and in the horizontal plane. The input axis of the Z gyroscope is perpendicular to 
the input axes of both the X and Y gyroscopes and therefore in the vertical 
direction. By reference to figure 4605a it can be seen that with the gyroscopes on 
the heading gimbal (stable element): 

1. The heading gimbal axis is always aligned with the input axis of the Z 


gyroscope. 
2. The roll gimbal axis is aligned with the input axes of the X and Y gyroscopes 


as a function of heading. 
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3. The pitch gimbal axis is aligned with the input axes of the X and Y 
gyroscopes as a function of heading and roll, and with the input axis of the Z 
gyroscope as a function of roll. 

Figure 4607a shows the resolution of the gyroscope output signals with heading 
and roll resolvers mounted on the inertial navigator gimbal system. This stabiliza- 
tion loop is simply a coordinate conversion unit converting signals from the coordi- 
nate system of the gyroscopes into the coordinate system of the gimbal axes. 
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Figure 4607a.—Stabilization loop. 


If the craft is heading true north, the gyroscopes are oriented on the stable 
platform as shown in figure 4607b. In this alignment any roll motion of the craft is 
sensed by the X gyroscope causing it to precess. The precession causes an output 
signal to appear across the pickoff (fig. 4607a). This output signal is amplified and 
applied to the S1-S3 stator winding of the azimuth transformer resolver. The rotor 
of the resolver is controlled by the azimuth gimbal and changes position in relation 
to the stator windings as the craft’s heading changes. 

The relative alignment of the windings for a true north heading is shown in 
figure 4607a. The signal across the S1-—S3 stator winding of the azimuth transforma- 
tion resolver produces a maximum output on rotor winding R1-R3. The signal 
passes through the slip ring assembly to the navigation console of this practical 
navigator. The signal is then amplified and modulated. The resulting DC signal to 
the roll DC gimbal torque motor drives the platform in the direction necessary to 
restore the gyroscope output to zero. Thus, the platform is stabilized about the 
craft’s roll axis. 

The Y gyroscope senses motion about the pitch axis and causes an amplified 
signal to be applied to the S2-S4 stator winding of the azimuth transformation 
resolver. With a heading of true north this causes a maximum signal at rotor 
winding R2-R4. The signal passes through the slip rings and is applied to the S1-S8 
stator winding of the roll transformation resolver. This resolver is mounted between 
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FicurE 4607b.—Stable platform configuration and input axis for true north heading. 


the roll and pitch gimbal and its rotor is positioned relative to the stator by the roll 
gimbal shaft. The output of the resolver is present at the R1-R3 winding of the 
rotor and is applied to the platform control amplifier and power demodulator. The 
pitch power demodulator DC output signal drives the pitch gimbal motor, which 
drives the gimbal in the correct direction to cancel the Y gyroscope output. Rotor 
winding R2-R4 of the roll transformation resolver is short circuited because its 
output is not used in the stabilization system. 

Any change in heading introduces a torque about the input axis of the Z 
gyroscope and causes it to precess. The precession generates an output signal which 
is amplified by the azimuth gyroscope pickoff amplifier. The signal passes through 
the slip rings and branches off. One branch is applied to the S2-S4 stator winding 
of the roll transformation resolver. The other branch goes directly to the platform 
electronic control amplifier where the function is identical to that of the roll and 
pitch sections. The azimuth gimbal motor drives the azimuth gimbal in a direction 
to decrease the torque about the Z gyroscope. The orientation of the platform, 
therefore, remains unchanged in azimuth as the craft changes heading or experi- 
ences yaw. 

If the craft changes heading to 090°, the motion sensed by the Z gyroscope 
drives the azimuth gimbal in the correct direction to cancel the torque. As a result 
the platform is oriented as shown in figure 4607c. The X gyroscope now senses pitch 
motions of the ship and the Y gyroscope senses roll motion. The operation of the 
stabilization loop, however, is not affected since the change in heading resulted in 
the azimuth gimbal being driven 90° in the opposite direction. The rotor of the 
azimuth transformation resolver is controlled by the azimuth gimbal shaft, and 
therefore, has rotated 90° with the change in craft’s heading. The signal from the X 
gyroscope, applied to stator winding S1-S3, is induced on winding R2-R4 of the 
rotor and is used to drive the pitch gimbal. The signal from the Y gyroscope, 
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FicurE 4607c.—Stable platform configuration and input axis for heading of 090°. 


applied to stator S2—S4, induces a maximum signal on rotor winding R1-R3 and 
drives the roll gimbal. 

At headings between 000° and 090°, outputs from the X or Y gyroscope result in 
a proportional mixture of the output signals applied to the pitch and roll gimbals. 
For example, at heading 045° an output signal from either gyroscope pickoffs will 
be applied equally to the roll and pitch gimbal drive motors. Thus, the azimuth 
transformation resolver causes the pickoff signal to drive the correct gimbal regard- 
less of the heading. Similarly, if the craft should experience pitching motion while 
at some angle of roll, the pitch gimbal axis will not be in the level plane. The 
pitching motion will have a vertical component and the rotation of the stable 
platform about the pitch axis will be sensed not only by the X and Y gyroscopes, 
but also partly by the Z gyroscope. This results in a pickoff from the Z gyroscope 
being routed in the proper proportion through the roll transformation resolver to 
the pitch gimbal drive motor. The contributions from the level X and Y gyroscopes 
will be reduced appropriately by the same resolver. 

4608. Coordinate systems.—Two orthogonal coordinate systems are used to 
relate the inherent errors (art. 4609) to the inertial navigator. One system consists 
of X, Y, and Z axes. The X and Y axes define the horizontal plane with the X axis 
directed northward and the Y axis directed eastward. The Z axis is directed down- 
ward along the local vertical. The relationship of this coordinate system to the 
second system, the equatorial coordinate system, is shown in figure 4608. The 
equatorial system consists of P (polar), Q (equatorial), and E (east) axes. The P axis 
is parallel to the earth’s axis of rotation. The @ axis is parallel to the equatorial 
plane and is directed outward from the earth’s axis of rotation. The E axis is 
coincident with the Y axis of the other coordinate system. 

The first coordinate system is physically represented in the gyroscope arrange- 
ment on the stable platform of the inertial navigator. The computer of the inertial 
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FIGURE 4608.—Orthogonal coordinate systems. 


navigator maintains a mathematical representation of the equatorial coordinate 
system. The relationship of the two systems is expressed mathematically as: 


X=P cos L—Q sin L 
Y=£, 
Z=—P sin L—Q cos L. 


4609. Inherent errors of an inertial navigator are the 84.4 minute Schuler 
oscillation and the 24-hour oscillations. The latter may have constant standoffs or 
ramps in the outputs associated with it. 

As discussed in article 4607, the 84.4-minute Schuler oscillation is an oscilla- 
tion in the vertical loop resulting from initial tilts or velocity errors. It can also be 
caused by any transient disturbance in the system. The Schuler oscillations are 
continuously damped and limited in magnitude. 

The 24-hour oscillation is a property of a properly functioning practical iner- 
tial navigator which is caused by initial errors in position, heading, or gyro bias. An 
initial error in either latitude or heading causes both quantities to oscillate about 
their true values within a 24-hour period. A gyro bias error limits the ability of the 
inertial navigator to determine latitude and heading. A gyro bias error causes 
latitude or heading to oscillate about an offset value. A gyro bias error may also 
cause an ever increasing or ramping longitude error. 

Although uncompensated gyro drift can cause a 24-hour oscillation, the follow- 
ing discussion is simplified by assuming properly biased gyros and therefore no 
uncompensated gyro drift. The discussion is also simplified by assuming that there 
is no Schuler oscillation. 

Figure 4609a illustrates the 24-hour oscillation for an initial heading error. 
With the inertial navigator at the equator (point J»), the displacement of the 
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equatorial coordinate system (art. 4608) as indicated by the navigator from the true 
equatorial coordinate system due to the initial heading error is shown at A. This is 
a displacement about the Q axis and is represented by the angle 5g between E and 
E’. As shown, this is a positive heading error because the heading readout of the 
navigator will be larger than the actual heading by the amount 6g. No latitude or 
longitude error results because there is no displacement about either the E or the P 
axis. 


FiGuRE 4609a.—The 24-hour oscillation for an initial heading error. 


After this initial setup, the earth rotates about the P axis and the navigator 
rotates about the P’ axis. In inertial space, the relationship between these axes 
remains the same because the navigator holds the P’ axis, its instrumented polar 
axis, stationary in inertial space. However, with respect to the earth, it is seen at B 
that after 6 hours the navigator is at point 7; due to earth’s rotation, and the 
relationship between the coordinate systems has changed. The misalignment be- 
tween the two systems is now about the FE axis and is shown as the angle dz. The 
instrumented polar axis, P’, is now in the meridian plane but no longer perpendicu- 
lar to the vertical. This represents a negative latitude error in the navigator since 
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its coordinates are displaced in a negative rotation about the E axis, and the 
heading error is now zero. Hence after 6 hours the heading error has been reduced 
to zero, but a negative latitude error has been produced. 

As the earth continues to rotate, the navigator maintains the orientation of its 
instrumented polar axis in inertial space. At C the situation is shown after 6 more 
hours or 12 hours after the initial situation at A. Once again the misalignment of 
the navigator’s reference system with respect to the earth is about Q@ axis, meaning 
an error in heading and no error in latitude. This time the heading error is 
negative but of the same magnitude as at 7». 

During the next 6 hours this negative heading error diminishes until it has 
decreased to zero as shown at D. At the same time the latitude error is building up 
in a positive direction to the value shown. At 7;. the misalignment of the navigator 
is about the E axis again, which results in a positive latitude error and no heading 
error as stated. This positive latitude error has a magnitude equal to the negative 
latitude error at 7%. 

View D of figure 4609a can be used to summarize the preceding action as 
follows: With the navigator on the equator at position 7) set up with a positive 
heading error and no position error, the misalignments of its reference system with 
respect to the earth is about the Q axis. (It should be kept in mind that the Q axis 
goes through the position on the equator.) As position 7) moves to position 7, in 
space due to the rotation of the earth, the misalignment of the navigator with 
respect to the earth changes to be about the F axis. This means that the error in 
the navigator is latitude (negative at 7.) and there is no heading error. As the earth 
continues to rotate, the navigator reaches position 7:2 in space; and, because the 
instrumented polar axis has maintained its orientation in space, the navigator is 
now misaligned with respect to the earth about the Q axis, producing a negative 
heading error and no latitude error. The next 12 hours will be a mirror image of 
these first 12, completing the 24-hour oscillation. 

If the errors shown in figure 4609a are plotted against time, the latitude error 
will be a negative sine wave with a 24-hour period since the oscillation started with 
a positive heading error. The heading error will be a cosine wave with a 24-hour 
period. The latitude error curve leads the heading error curve by a 90° phase 
relationship. At the equator, due to the geometry of the reference systems, the 
maximum value of 59 equals the maximum value of dz. At the equator the maxi- 
mum latitude and heading errors due to the 24-hour oscillation are equal. 

The relationship among navigator errors is a function of latitude. Figure 4609b 
represents an initial heading error as a vector along the local vertical. This vector 
represents a displacement of the navigator’s reference system about this axis and is 
a positive heading error in this example. The components of this misalignment 
along the P axis and the @ axis are also shown. The component along the P axis is 
equal to Sy sin L and contributes to the longitude error of the navigator since it isa 
misalignment about the earth’s spin axis or polar axis. This relationship shows that 
at the equator, the heading error would cause no longitude error and there would 
be no 24-hour oscillation in longitude. The other component along the Q axis is 
called 59 and has a value of Sy cos L. This component determines the 24-hour 
oscillation due to an initial heading error in an inertial navigator with no uncom- 
pensated gyro drifts. 

In the 24-hour oscillation, the maximum 6g occurs 6 hours after the maximum 
Sz and the two have equal magnitude. The heading error is In phase with de but 
Su=5q sec L. Therefore, the 24-hour oscillation when present appears in the lati- 
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Figure 4609b.—Relationship among misalignment errors of inertial navigator. 


tude, heading, and longitude outputs of the inertial navigator with the following 
relationships as shown in figure 4609c. 

1. The latitude error equals dz. 

2. The heading error equals 5g sec L. 

3. The longitude error equals Sy sin L. 

4. Latitude, heading, and longitude errors oscillate as a sine wave with a 24- 
hour period. 

5. The latitude error leads the heading error by 6 hours or 90°. 

6. The heading error and longitude error oscillations are in phase. 

7. The maximum heading error equals the maximum latitude error multiplied 
by the secant of the latitude position. 

8. The longitude error equals the heading error times the sine of the latitude 
position. 

Since heading error is a function of latitude, the usual practice is to use a 
normalized heading value for the plotting of this error. This is accomplished by 
multiplying the heading error by the cosine of the latitude position. This results in 
a plot of 59. The 5g curve is equal in amplitude to the 6, curve. 

Gyro bias error. A gyro drift is an internal disturbance which causes an output 
signal from the gyroscope. The stabilization loop interprets it as a disturbance of 
the stable element’s orientation and drives the gimbals accordingly. This causes a 
misorientation of the stable element and results in inertial navigator errors. Al- 
though the drift cannot be completely removed, it is possible to compensate for it by- 
applying a gyro torquing signal called a bias. If the bias is proper, there is no 
gyroscope output due to drift. If the gyro bias is not correct or whenever the drift of 
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Figure 4609c.—Inertial navigator 24-hour oscillation error plots. 


a gyroscope changes and a new bias is needed, then there is a gyro bias error or a 
gyroscope with uncompensated drift. 

To analyze the effect of gyro bias errors on the navigator it is advantageous to 
examine a settled system. This is a special case in which there is no 24-hour 
oscillation in the inertial navigator. When the system is settled with gyro bias 
errors, there will be errors in navigator outputs. These errors will be a function of 
the gyro bias errors since they compensate for the gyro bias errors. In fact it is only 
when these errors in the navigator outputs exactly compensate for the gyro bias 
errors that the navigator will be settled. 

Although the gyroscopes are placed physically in the inertial navigator’s coordi- 
nate system (X, Y, Z), the effect of gyro bias errors is better described in terms of 
the equatorial coordinate system (P, Q, E). Using hypothetical gyroscopes in this 
coordinate system makes the analysis simpler. When completed the results can be 
transferred into the physical gyroscope coordinates by using the relationships given 
in article 4608. The X, Y, and Z gyroscopes have P, Q, and E uncompensated drift 


2 


rate components (8zp, Sse, and 6zz). 
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Considering that the inertial navigator is a model of the earth and assuming 
that there is no movement with respect to the earth of the craft in which the 
navigator is installed, then the only motion of the navigator in space is about its 
polar axis at earth rate. However, if the equatorial gyroscope has a bias error, dza, 
then there is an additional rotation about this axis in space. The navigator will 
then rotate in space about the vector sum of these two rotations. This causes the 
instrumented polar axis of the navigator indicated as P” to be displaced about the 
east axis as shown at A in figure 4609d. 


9 Q 
S 
Q,, 
P pt 
pi 
oBQ (A) 


Figure 4609d.—Effect of equatorial gyro bias error. 


Figure 4609d shows that the reference coordinates of the inertial navigator are 
aligned with the earth’s coordinates. This means that earth rate torquing in the 
navigator (Qr) is applied about an axis parallel to the earth’s spin axis. However 
the navigator is rotating at earth rate (shown by Qs, S for actual rotation of 
navigator) about P” due to dzg. If left this way the equatorial gyro bias error would 
cause a 24-hour oscillation. To achieve a settled system with the equatorial gyro 
bias error, 6gg, the instrumented polar axis, P”, must be made to coincide with the 
earth’s spin axis. This is accomplished by a latitude error or 8 as shown at B in 
figure 4609d. The amount of latitude error needed to settle the system is related to 
the equatorial gyro bias error by the following relationship: 


de 
or=6, 3 fase 
10} 

View B of figure 4609d shows the earth rate torquing (Q7) of the navigator 
being applied about the displaced P’ axis. However, the 5s@ about the displaced Q 
axis (Q’) causes the navigator to rotate at earth rate (Qs) about the P” axis which is 
now aligned to the earth’s spin axis (P). If there is an equatorial gyro bias error 
present but the navigator is not settled, then the 24-hour oscillation occurs not 
about zero error but about a latitude error given in the above relationship. As a 
result an equatorial gyro bias error results in a stand-off or constant error in 
latitude which may or may not have a 24-hour oscillation superimposed upon it. 
The equatorial gyro bias error defines the settling point for latitude. 
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In the case of an east gyro bias error, 5gz, the instrumented polar axis would be 
displaced about the equatorial axis. Again, to settle the navigator with an east gyro 
bias error, the instrumented polar axis must be made coincident with the earth’s 
spin axis. To do this the navigator coordinates must be misaligned about the 
equatorial axis an amount given by: 


Ose 
59=6x cos L= —. 
0) 


If the displacement about the equatorial axis is the above amount, the navigator 
would be settled. The 5g results in a heading error which varies as a function of 
latitude as discussed with respect to the 24-hour oscillation. If the navigator is not 
settled and has an east gyro bias error, the 24-hour oscillation in heading will be 
about a stand-off error defined by the above equation. If heading error times the 
cosine of latitude is plotted for a given east gyro bias error, this stand-off is 
constant and is a function of the magnitude of the gyro bias error. 

If there is both an equatorial and east gyro bias error, there is a settling point 
for the navigator involving both a latitude error and a heading error. Figure 4609e 
illustrates the error propagation in an inertial navigator which had no errors 
previous to time 0 and then at time zero a bias error occurs in each of the gyros. 
View A shows that the latitude error oscillates about a value determined by the 
equatorial gyro bias error (the stand-off error in latitude due to an equatorial gyro 
bias error). The heading error as seen at view B oscillates about the stand-off error 
due to the east gyro bias error. The phase relationship is as discussed earlier and 
the magnitude of the 24-hour oscillation errors is a function of the initial conditions 
of the navigator. These are more easily studied in the circle plot. 

The remaining gyro bias error is the polar gyro bias error. Since this bias error 
occurs about the earth’s spin axis, it doesn’t change the orientation of the inertial 
navigator’s instrumented polar axis. Instead the polar gyro bias error causes the 
navigator to rotate about the polar axis at a rate different from the earth’s rotation. 
The navigator interprets this as change of position on the earth about the polar 
axis which is longitude change or longitude rate. The bias error has a constant 
value and this results in a constant longitude rate error. The longitude rate is 
integrated with time in the navigator to produce an increasing longitude value. As 
a result the polar gyro bias error contributes a straight line function to the 
longitude error. The slope of this line equals the polar gyro bias error or longitude 
ramp. 

View C of figure 4609e shows the longitude error at latitude 45°N. The longi- 
tude error starts at zero in this case because of the initial conditions previously set 
up. The longitude error oscillates relative to the polar gyro bias error in the same 
phase as the heading error oscillates about the latitude gyro bias error. . 

4610. The circle plot is a convenient method of representing the 24-hour oscilla- 
tion. It combines both latitude and heading in one plot and shows all phase and 
amplitude relationships. > ote 

Latitude and heading errors oscillate with a 24-hour period. These oscillations 
are 90° out of phase. Also, the amplitude of the latitude oscillation equals the 
heading oscillation multiplied by cosine latitude. If latitude error is plotted against 
heading error times cosine latitude the result is a circle plot as shown in figure 
4610a. Also shown are the latitude and heading cosine latitude curves which the 


circle represents. Note that the circle completely defines each of the component 
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FicureE 4609e.—Inertial navigator error plots. 


oscillations. A point on the circle is known as the operating point. Its coordinates 
represent the latitude and heading errors at a particular time. As the operating 
point moves around the circle its projection on the vertical axis is the latitude 
oscillation. Its projection on the horizontal axis is the heading error times the 
cosine latitude oscillation. As the point goes through one rotation, it projects one 
cycle of a sine curve. Thus 360° on the circle represents 24 hours of time or 15° 
equals 1 hour. Because of the phase relationships involved, the circle always propa- 
gates in a clockwise direction. 

The location of the center of the circle is a function of gyro bias errors as they 
represent the standoff values in latitude and heading cosine latitude. The center of 
the circle is known as the bias center. The circle diagram can be used to determine 
how the system will behave starting with given initial conditions. For example, 
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Figure 4610a.—Circle plot. 


suppose the inertial navigator has zero initial latitude and heading error, but at 
time zero a bias error develops in the east gyro only. The circle plot will be used to 
determine the resulting oscillation. 

The initial conditions are shown in figure 4610b at A. The operating point is at 
the origin and the bias center is along the heading cosine latitude axis. The circle 
propagates about the bias center in a clockwise direction as shown at B. To find the 
oscillations in latitude and heading, the operating point is projected on the vertical 
and horizontal axes as shown at C. Latitude error peaks at 6 hours, goes through 
zero at 12 hours, and reaches a negative peak at 18 hours. It is thus a sine curve 
oscillating about zero. 

Heading error cosine latitude starts at zero, reaches a point of inflection at 6 
hours, and a positive peak after 12 hours. It varies as a cosine function about an 
offset. The offset is due to the east gyro drift. The phase and amplitude relations 
may thus be determined from the circle plot directly. This can be done for any 
initial conditions or to see the effect of a reset or gyro drift change on the inertial 
navigator. 

A longitude plot must be used in conjunction with the circle plot in order to 
describe the error propagation of the inertial navigator completely. 
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Ficure 4610b.—Effect of east gyro bias error. 


4611. Reset.—The characteristics of propagation of the 24-hour oscillation 
errors and the gyro bias error in the inertial navigator are well known. This 
knowledge is used with fix data to determine corrections which are entered into the 
navigator to eliminate the errors and to prevent the errors from occurring in the 
future. The process of entering these corrections into the navigator for this purpose. 
is called reset. 
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To determine the error of the navigator, propagation plots such as those in 
4609e could be made. Since the latitude error and heading error times the cosine of 
latitude are sine waves of known period, three points would be necessary to deter- 
mine each curve. However, it is not always possible to determine points on the 
heading error plot due to lack of accurate heading information. If this happens it is 
still possible to determine the heading error oscillation from the latitude error plot 
because of their 90° relationship. In fact, it is just this relationship which allows 
these two plots to be combined into one plot for a more useful display of the errors. 

It has been found advantageous in the construction of the circle plot to use bias 
“corrections” rather than bias “errors.’’ For example, an equatorial bias error (5p,) 
would be plotted as an equatorial bias correction (BEC). 

4612. Geodetic and geophysical errors.—Even if it were possible to make 
perfect inertial sensors, inertial navigators would still experience errors. These 
errors are due to uncertainties in knowledge of the physical environment. 

A particularly serious error in precision marine inertial navigation systems is 
due to lack of knowledge of the gravitational environment (art. X4). Since an 
accelerometer cannot distinguish between a kinematic acceleration and a gravita- 
tional acceleration, any uncertainty in the gravitational environment manifests 
itself as a system error. In the case of marine inertial navigation in locally level 
coordinates, it is the horizontal components of gravity that cause significant errors. 
These are directly due to deflections of the vertical (art. X4), which are tilts of the 
actual (plumb bob) vertical vector relative to the presumed reference vertical. 

Departures of the magnitude of the gravity vector from the presumed model 
value are called gravity anomalies. 

Inertial navigation systems are mechanized in terms of a reference ellipsoid 
(art. X7). The reference ellipsoid is chosen as a good approximation to a surface 
called the geoid (art. X2), which is that surface to which the oceans would conform 
over the entire earth if free to adjust to the combined effect of the earth’s mass 
attraction and the centrifugal force of the earth’s rotation. It has the special 
property that, at every point, the direction to the geoid is given by the direction of a 
plumb line. The angle between the normal to the geoid and the normal to the 
reference ellipsoid is the deflection of the vertical referred to above. 

The use of an electromagnetic log or similar speed log for damping the inertial 
navigator results in two types of errors. The first is due to the speed sensor itself. 
The second occurs because the speed indication is made relative to the water, which 
is itself moving relative to the earth. 
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APPENDIX A 


ABBREVIATIONS 


Abbreviations used on nautical charts are given in appendix Z. 


A, amplitude; augmentation; away 
(altitude intercept). 

a, altitude intercept (Ho~ Hc); altitude 
factor (change of altitude in 1 minute 
of time from meridian transit); 
assumed. 

ao, first Polaris correction. 

ai, second Polaris correction. 

a2, third Polaris correction. 

AC, alternating current. 

add’l, additional. 

ADF, automatic radio direction finder. 

AF, audio frequency. 

aL, assumed latitude. 

AM, amplitude modulation. 

am, ante meridian (before noon). 

AMVER, Automated Mutual-assistance 
Vessel Rescue System. 

antilog, antilogarithm. 

AP, assumed position. 

approx., approximate, approximately. 

ASF, Additional Secondary Phase 
Factor. 

AT, Atomic Time. 

AU, astronomical unit. 

AUSREP, Australian Ships Reporting 
System. 

aA, assumed longitude. 

B, atmospheric pressure correction 
(altitude); bearing, bearing angle. 

B,, difference between heading and 
apparent wind direction. 

BIH, Bureau Internationale de |’Heure. 

Brg., bearing (as distinguished from 
bearing angle). 

B,,.. bearing per gyrocompass. 

B,, difference between heading and true 
wind direction. 

C, Celsius (centigrade); chronometer 
time; compass (direction); correction; 
course, course angle. 


CB, compass bearing. 

CC, compass course; chronometer 
correction. 

CCIR, International Radio Consultative 
Committee. 

CCZ, Coastal Confluence Zone. 

CE, chronometer error; compass error. 

cec, centicycle. 

cel, centilane. 

CEP, circular probable error. 

CFR, Code of Federal Regulations. 

CH, compass heading. 

cm, centimeter, centimeters. 

CMG, course made good. 

Cn, course (as distinguished from course 
angle). 

co-, the complement of (90° minus). 

COA, course of advance. 

COG, course over ground. 

coL, colatitude. 

colog, cologarithm. 

corr., correction. 

cos, cosine. 

cot, cotangent. 

cov, coversine. 

CPE, circular probable error. 

cps, cycles per second. 

Cyc) Course per gyrocompass. 

Cysc, course per standard compass. 

Cy stg ¢ Course per steering compass. 

CRT, cathode-ray tube. 

esc, cosecant. 

CW, continuous wave. 

CZn, compass azimuth. 

D, deviation; dip (of horizon); distance. 

d, declination (astronomical); altitude 
difference. 

d, declination change in 1 hour. 

DC, direct current. 

D. Lat., difference of latitude. 

Dec., declination. 
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Dec. Inc., declination increment. 
Dep., departure. 

Dev., deviation. 

DG, degaussing. 

diff., difference. 

Dist., distance. 


DLo, difference of longitude (arc units). 


DMAHTC, Defense Mapping Agency 
Hydrographic/Topographic Center. 

DR, dead reckoning, dead reckoning 
position. 

DRE, dead reckoning equipment. 

DRT, dead reckoning tracer. 

Dg, dip short of horizon. 

DSD, double second difference. 

dur., duration. 

da, difference of longitude (time units). 

E, east. 

e, base of Naperian logarithms. 

e, eccentricity. 

EDD, estimated date of departure. 

EHF, extremely high frequency. 

EM, electromagnetic (underwater log). 

EP, estimated position. 

EKq.T, equation of time. 

ET, Ephemeris Time. 

ETA, estimated time of arrival. 

ETD, estimated time of departure. 

F, Fahrenheit; fast; longitude factor; 
phase correction (altitude). 

f, latitude factor. 

f, flattening or ellipticity. 

FM, frequency modulation. 

ft., foot, feet. 

G, Greenwich, Greenwich meridian 
(upper branch); grid (direction). 

g, acceleration due to gravity; 
Greenwich meridian (lower branch). 

GAT, Greenwich apparent time. 

GB, grid bearing. 

GC, grid course. 

GE, gyro error. 

GH, grid heading. 

GHA, Greenwich hour angle. 

GMT, Greenwich mean time. 

GP, geographical position. 

Gr., Greenwich. 

GRI, group repetition interval. 

GST, Greenwich sidereal time. 

GV, grid variation. 

GZn, grid azimuth. 


h, altitude (astronomical); height above 
sea level. 

ha, apparent altitude. 

hav, haversine. 

Hc, computed altitude. 

Hdg., heading. 

HE, heeling error; height of eye. 

HF, high frequency. 

h;, height above sea level in feet. 

HHW, higher high water. 

HLW, higher low water. 

hm, height above sea level in meters. 

Ho, observed altitude. 

HP, horizontal parallax. 

Hp, precomputed altitude. 

H,.-, heading per gyrocompass. 

H,s-, heading per standard compass. 

H, stg «- heading per steering compass. 

hr, rectified (apparent) altitude. 

hr., hour. 

hrs., hours. 

hs, sextant altitude. 

ht, tabulated altitude. 

HW, high water. 

HWE & C, high water full and change. 

I, instrument correction. 

IALA, International Association of 
Lighthouse Authorities. 

IAU, International Astronomical Union. 

IC, index correction. 

ICW, Intracoastal Waterway. 

IHB, International Hydrographic 
Bureau. 

IHO, International Hydrographic 
Organization. 

IMO, International Maritime 
Organization. 

in., inch, inches. 

INM, International Nautical Mile. 

INS, inertial navigation system. 

int., interval. 

ISLW, Indian spring low water. 

ITU, International Telecommunications 
Union. 

IUGG, International Union of Geodesy 
and Geophysics. 

J, irradiation correction (altitude). 

K, Kelvin (temperature). 

kHz, kilohertz. 

km, kilometer, kilometers. 
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kn, knot, knots. 

L, latitude; lower limb correction for 
moon (from Nautical Almanac). 

I, difference of latitude; logarithm, 
logarithmic. 

LAN, local apparent noon. 

LAT, local apparent time. 

lat., latitude. 

LF, low frequency. 

LHA, local hour angle. 

LHW, lower high water. 

LL, lower limb. 

LLW, lower low water. 

Lm, middle latitude; mean latitude. 

LMT, local mean time. 

log, logarithm, logarithmic. 

log., natural logarithm (to the base e). 


logio, common logarithm (to the base 10). 


long., longitude. 

LOP, line of position. 

LST, local sidereal time. 

LW, low water. 

M, celestial body; meridian (upper 
branch); magnetic (direction); 
meridional parts; nautical mile, miles. 

m, meridian (lower branch); meridional 
difference (M,~M.); meter, meters; 
statute mile, miles. 

mag., magnetic; magnitude. 

MB, magnetic bearing. 

mb, millibar, millibars. 

MC, magnetic course. 

mc, megacycle, megacycles; megacycles 
per second. 

Mer. Pass., meridian passage. 

MF, medium frequency. 

MH, magnetic heading. 

MHHW, mean higher high water. 

MHW, mean high water. 

MHWN, mean high water neaps. 

MHWS, mean high water springs. 

MHz, megahertz. 

mi., mile, miles. 

mid, middle. 

min., minute, minutes. 

MLLW, mean lower low water. 

MLW, mean low water. 

MLWN, mean low water neaps. 

MLWS, mean low water springs. 

mm, millimeter. 

mo., month. 
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mos., months. 

mph, miles (statute) per hour. 

MPP, most probable position. 

ms, millisecond, milliseconds. 

MSL, mean sea level. 

MZn, magnetic azimuth. 

N, north. 

n, natural (trigonometric function). 

Na, nadir. 

NASA, National Aeronautics and Space 
Administration. 

NAVSAT, Navy Navigation Satellite 
System. 

NBS, National Bureau of Standards. 

NLT, not less than (used with danger 
bearing). 

NM, nautical mile, miles. 

n. mi., nautical mile, miles. 

NMT, not more than (used with danger 
bearing). 

NNSS, Navy Navigation Satellite 
System. 

NOAA, National Oceanic and 
Atmospheric Administration. 

NOS, National Ocean Service. 

OTSR, Optimum Track Ship Routing. 

P, atmospheric pressure; parallax; 
planet; pole. 

p, departure, polar distance. 

PC, personal correction. 

PCA, polar cap absorption. 

PCD, polar cap disturbance. 

pgc, per gyrocompass. 

P in A, parallax in altitude. 

PM, pulse modulation. 

PM, post meridian (after noon). 

Pn, north pole; north celestial pole. 

PPC, predicted propagation correction. 

PPI, plan position indicator. 

PRR, pulse repetition rate. 

Ps, south pole; south celestial pole. 

psc, per standard compass. 

p stg c, per steering compass. 

Pub., publication. 

PV, prime vertical. 

Q, Polaris correction (Air Almanac). 

QQ’, celestial equator. 

R, Rankine (temperature); refraction. 

RA, right ascension. 

rad, radian, radians. 
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RB, relative bearing. 

R Bn, radiobeacon. 

RDF, radio direction finder. 

rey., reversed. 

RF, radio frequency. 

R Fix, running fix. 

RMS, root mean square. 

RSS, root sum square. 

RZn, relative azimuth. 

S, sea-air temperature difference 
correction (altitude); slow; south; set; 
speed. 

Sa, speed of apparent wind in units of 
ship’s speed. 

SAM, system area monitor. 

SAR, Search and Rescue. 

SD, semidiameter. 

sec, secant. 

sec., second, seconds. 

semidur., semiduration. 

SF, Secondary Phase Factor. 

SH, ship’s head (heading). 

SHA, sidereal hour angle. 

SHF, super high frequency. 

SI, International System of Units. 

SID, sudden ionospheric disturbance. 

sin, sine. 


SINS, Ships Inertial Navigation System. 


SMG, speed made good. 

SOA, speed of advance. 

SOG, speed over ground. 

SPA, sudden phase anomoly. 

S7, speed of true wind in units of ship’s 
speed. 

St M, statute mile, miles. 

T, air temperature correction (altitude); 
table; temperature; time; toward 
(altitude intercept); true (direction). 

t, dry-bulb temperature; elapsed time; 
meridian angle. 

t', wet-bulb temperature. 

tab., table. 

TAI, International Atomic Time scale. 

tan, tangent. 

TB, true bearing; turning bearing; air 
temperature-atmospheric pressure 
correction (altitude). 

TC, true course. 

TcHHW, tropic higher high water. 

TcHLW, tropic higher low water. 

TcLHW, tropic lower high water. 
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TcLLW, tropic lower low water. 

TD, time difference (Loran-C). 

T,, time difference of groundwaves from 
master and secondary (slave) stations 
(Loran). 

Ts, time difference of groundwave from 
master and skywave from secondary 
(slave) station (Loran). 

TH, true heading. 

TMG, track made good. 

TOD, time of day (clock). 

TR, track. 

Tr., transit. 

Ts, time difference of skywaves from 
master and secondary (slave) stations 
(Loran). 

Tso, time difference of skywave from 
master and groundwave from 
secondary (slave) station (Loran). 

TZn, true azimuth. 

U, upper limb correction for moon (from 
Nautical Almanac). 

UHF, ultra high frequency. 

UL, upper limb. 

UPS, Universal Polar Stereographic. 

USWMS, Uniform State Waterway 

Marking System. 

UT, Universal Time. 

UTC, Coordinated Universal Time. 

UT0, Universal Time 0. 

UT1, Universal Time 1. 

UT2, Universal Time 2. 

UTM, Universal Transverse Mercator. 

V, variation; vertex. 

v, excess of GHA change from adopted 
value for 1 hour. 

Var., variation. 

ver, versine. 

VHF, very high frequency. 

VLF, very low frequency. 

W, west. 

WARC, World Administrative Radio 
Council. 

WE, watch error. 

WGS, World Geodetic System. 

WMO, World Meteorological 
Organization. 

WT, watch time. 

X, parallactic angle. 

yd., yard. 
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yds., yards. 

yr., year. 

yrs., years. 

Z, azimuth angle; zenith. 

z, zenith distance. 

ZD, zone description. 

Z Diff., azimuth angle difference. 

Zn, azimuth (as distinguished from 
azimuth angle). 

Zn,g-, azimuth per gyrocompass. 

ZT, zone time. 


A, a small increment, or the change in 
one quantity corresponding to unit 
change in another. 

A, longitude; wavelength (radiant 
energy). 

o, standard deviation. 

ft, index of refraction. 

pS, microsecond. 

a, ratio of circumference of circle to 
diameter =3.14159+. 
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GREEK ALPHABET 


Alpha 
Beta 
Gamma 
Delta 
Epsilon 
Zeta 
Eta 
Theta 
Iota 
Kappa 
Lambda 
Mu 


Nu 

Xi 
Omicron 
Pi. 

Rho 
Sigma 
Tau 
Upsilon 
Phi 

Chi 

Psi 
Omega 
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SYMBOLS 
Positions 
= iy reckoning position. A Symbol used for one set of fixes 
IX. e, when simultaneously fixing by 
© Estimated position. two means, e.g. visual and radar; 
See Note. sometimes used for radionaviga- 
tion fixes. 
Mathematical Symbols 
+ Plus (addition) = Congruent to approximately equal 
— Minus (subtraction) = Identical with 
aR ee or minus Not identical with 
~ difference = Nearly equal to 
| Absolute value > Is greater than 
< se se sari by < Is less than 
s to; ratio < Equal to or less than 
< Times (multiplication) S Equal to or greater than 
= Divided by (division) < Is dominated by 
¥ Square root 2 or 8 Differential; variation 
Z Angle f Function 
., Therefore f Integral sign 
‘* Because > Summation of; sum; sigma 
* nth root — Approaches limit of 
= Equals oo Infinity 
+ Not equal to --+ Repeating decimal 
Celestial Bodies 
© Sun © C Lower limb 
€ Moon @-€ Center 
8 Mercury © € Upper limb 
2 Venus @ New moon 
® Earth ® Crescent moon 
3 Mars © First quarter 
Y Jupiter © Gibbous moon 
hk Saturn 
O Full moon 
6 Uranus ; 
O Gibbous moon 
VU Neptune OL t 
P Pluto ast quarter 
J; Star @ Crescent moon 
s¢-P Star-planet altitude correction (alti- 
tude) 
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Signs of the Zodiac 


7 Aries (vernal equinox) =: Libra (autumnal equinox) 
v Taurus M Scorpius 
OM Gemini f Sagittarius 
5 Cancer (summer solstice) 3 Capricornus (winter solstice) 
8 Leo ws Aquarius 
m Virgo % Pisces 
Miscellaneous Symbols 
¥ Years + Interpolation impractical 
™ Months ° Degrees 
4 Days ’ Minutes of arc 
» Hours " Seconds of arc 
™ Minutes of time d Conjunction 
° Seconds of time S Opposition 
ma Remains below horizon C1) Quadrature 
1 Remains above horizon $3 Ascending node 
Hil Twilight all night ?S Descending node 


NOTE.—The digits indicating the times of fixes and estimated positions are printed horizontally on 
the chart or plotting sheet; the digits indicating the times of dead reckoning positions are not printed 
horizontally. The running fix is the only position indicated on the chart or plotting sheet by both symbol 
and label (R Fix). 
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MISCELLANEOUS DATA 


Exact relationships shown by asterisk (*). See footnote on page 1179 


rea 
Llyfere PEST Reh oe ste en ert eee nen eae =6.4516 square centimeters* 
ASQ UAT OL OO coco sete can Ceo cP ea car c conan vausbencsusuctesensvuns =144 square inches* 
=0.09290304 square meter* 
=0.000022957 acre 
TE SQUATIORY ATC Ore teeter acaloescce onus sbcweaevwesesessesaot cases =9 square feet* 
=(0.83612736 square meter 
IPEQUATEN SCALE) 1111] Occ carecesraeescscocr oeonnteeeufiesatato = 27,878,400 square feet* 
=640 acres* 
= 2.589988110336 square kilometers* 
Pe SUA e CONG CLO Re rccecesccaces sven cocenscttecencsestreserenssesse =0.1550003 square inch 
=0.00107639 square foot 
IESG UATO: MOCO cecreneenseceacacstveecescncscieciacSesccssesdeupiacsics =10.76391 square feet 
= 1.19599005 square yards 
AE SGUATECKTIOMOTO Tia ook ssc ect cdsacsccsuscccssssecveccasazssess = 247.1053815 acres 
=0.38610216 square statute mile 
=(0.29155335 square nautical mile 
stronomy 
IRIN GATT SOLA TS UTI cocesscces-chceseesetteecs titan teageasente-seraee oases =1.00273791 sidereal units 
HSI dereal UN IG icccecseceecsccescescisasecausseasttsnastisessicgssepease .=0.99726957 mean solar unit 
MANTNECTOSCCONG ces ccctcsssaecesceuasyisssssseneatesscosasassccossoesvesesss =0.000001 second* 
SCOT oe eer rere stare ence soc aes induc sunaenaususvecsusieapesiorexs =1,000,000 microseconds* 


=0.01666667 minute 
=0.00027778 hour 
=0,.00001157 day 
SEYRET ICI Geert emer sce cee nae cecaag eo sesnenseeaercacsceseoasect pec seers =60 seconds* 
=0.01666667 hour 
=0.00069444 day 
Te OUT eee eee eo Sa waste anon sane nc ST Esoes cc nesuacenzses = 3,600 seconds* 
=60 minutes* 
=0.04166667 day 
HBMEATIESOlAT, GAY eee terersssesceesessesastecnecencee=scacsscicesss = 24503™56355536 of mean sidereal time 
—1 rotation of earth with respect to sun (mean)* 
=1.00273791 rotations of earth with respect to 
vernal equinox (mean) 
—1.0027378118868 rotations of earth with respect to 
stars (mean) 


1 mean sidereal day...............:cssscessrensseseeececseneseseeres = 23"56™04309054 of mean solar time 
1 sidereal MONED...........0.1...0.-.ceecceenserveaserrsnacsnsrerceseee = 27.321661 days 

= 27907°43™1185 
1 synodical Month .........s:ccccseeeeeesesesseesteneeneenennernees = 29.530588 days 

= 29912h44™0288 


= 31,556,925.975 seconds 

=525,948.766 minutes 

= 8,765.8128 hours 

— 365224219879 — 020000000614(t— 1900), where 
t=the year (date) 

= 365205"48™465 (—) 080053 


1 tropical (ordinary) Year... cesses estes 
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Astronomy—Continued 
Lesideréal: Vearcse cco dk deeevcesscvsucvent ant tecceenoueuens acters = 365925636042 + 0.0000000011(t— 1900), where 
t=the year (date) 

=3865906"09™0985 (+) 080001t 

icalendarty earl (COMMON) eect eter eee te =31,536,000 seconds* 
= 525,600 minutes* 
=8,760 hours* 
=365 days* 

icalendarzyear (leap) meceemecereeieectnteret eee = 31,622,400 seconds* 
= 527,040 minutes* 
=8,784 hours* 
= 366 days* 

TIOGA CA icsccceccosssitte eoserries mete eer eset aeneterene =9,460,000,000,000 kilometers 
=5,880,000,000,000 statute miles 
=5,110,000,000,000 nautical miles 
=63,240 astronomical units 
=0.3066 parsecs 

ID SDAPBCC sens eaicsoncoosracse ss Puan otth weoter cores semesuess reas Sener re = 30,860,000,000,000 kilometers 
=19,170,000,000,000 statute miles 
= 16,660,000,000,000 nautical miles 
= 206,300 astronomical units 
= 3.262 light years 

UZastronomiCalalknit eee ee eee eee = 149,600,000 kilometers 
=92,960,000 statute miles 
= 80,780,000 nautical miles 
= 4993012 light-time 
=mean distance, earth to sun 

Mean distance, earth to MOON ...........:.cecesceseeeeees = 384,400 kilometers 
= 288,855 statute miles 
= 207,559 nautical miles 

Mean distance, earth to SUD... ceeeeeeceescesceseeeees = 149,600,000 kilometers 
= 92,957,000 statute miles 
= 80,780,000 nautical miles 
=1 astronomical unit 

Sunjstdiam ete rw... seo emeate ntrerteeen e aee =1,392,000 kilometers 
= 865,000 statute miles 
=752,000 nautical miles 

SUIS IASG pret ee e hare One enn «oe nan Sor are =1,987,000,000,000,000,000,000,000,000,000,000 grams 
= 2,200,000,000,000,000,000,000,000,000 short tons 
= 2,000,000,000,000,000,000,000,000,000 long tons 

Speed of sun relative to neighboring stars........... =19.4 kilometers per second 
=12.1 statute miles per second 
=10.5 nautical miles per second 

Oxbitalispeediotgeart hemes ste neen = 29.8 kilometers per second 
= 18.5 statute miles per second 
=16.1 nautical miles per second 


Oplhiquitygctatherecli (1c ae astern = 23°27'08726 —074684(t— 1900), where t=the year 
(date) 
General precession of the equinoxes ............c.00000. = 5072564 + 0000222(t— 1900) per year, where t=the 


year (date) 
Precession of the equinoxes in right ascension ...= 4670850 + 07000279(t— 1900) per year, where t=the 
year (date) 


Precession of the equinoxes in declination........... = 2070468 — 07000085(t— 1900) per year, where t=the 
year (date) 
Mapnituderations cst imrt teen eet =2.512 
= V 100* 
Charts 
Nauticalimiles sper inchiesreers eae eens =reciprocal of natural scale 72,913.39 


Statute miles) per inchs. = pesesr cance ee eee =reciprocal of natural scale + 63,360* 
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Charts—Continued 
Inches per nautical mile Sisahboiseseacosscoe Lee ae =72,913.39 x natural scale 
Inches per statute mile .........cccesseeotsndisbinibanasie elles = 63,360 x natural scale* 
ING Ttrell Waa le Sacco eee een, seco cca 2a ek elisha =1:72,913.39 x nautical miles per inch 
= 1:68,360 x statute miles per inch* 
Earth 
Acceleration due to gravity (standard)... =980.665 centimeters per second per second 
= 32.1740 feet per second per second 
Mass-ratio—Sun/ Marth... 22 ee ea te = 332,958 
Mass-ratio—Sun/(Earth & Moon) ........c.ccccceeeee = 328,912 
Mass-ratio—Earth/ Moon ...........cccccccsecesscseseseseesceeees =81.30 
Mean density ESF rcraee tots cer taness cuavsesncnascceer eee tas eters =6.517 grams per cubic centimeter 
Welocityrotiesca pen eee ncconccp-ccntaccacat ener tee =6.94 statute miles per second 
Ciievaturne: OF SUTLACE <ciscciceccssecccesccevess Mee =0.8 foot per nautical mile 
Airy ellipsoid 
Equatorial radius: (@)..c..., nestctee netetoe elec =6,377,563.396 meters 
=3,443.609 nautical miles 
Polar radius (6) <..cccckoccc ee re ee =6,356,256.91 meters 
=3,432.104 nautical miles 
Mean: radius (2@358)/3 icc. tetera tte elton =6,370,461.234 meters 
=8,439.774 nautical miles 
Flattening or ellipticity (f=1—b/a)............ cee = 1l//299'325 
=0.00834085 
Eccentricity (e=(2f—f2)"!2) ....cecsscssscssessesessceeseeeeseeees =0.081673374 
BGCentrichyy SQUATCO (22) ces caccrn.sect-omeccerner se erste aoe =0.00667054 
Australian National-South American ellipsoid of 
1969 
Equatorial radius (a): Pace Aes ctat ne sescpecessstonse = 6,378,160 meters 
=3,443.931 nautical miles 
Polar radius (6) c:<.<:.:.- ee Ae Se aie =6,356,774.719 meters 
=3,432.384 nautical miles 
Mean radius (2a b)/ St eee eeeinnceenstrenne =6,371,031.573 meters 
=8,440.082 nautical miles 
Flattening or ellipticity (f=1—/a).........ccceee e290 8225 
=0.00335289 
Eccentricity (¢=(2f—f2)!!2) .....ssecsscssssesssessseeseesesnees =0.0818202 
Eccentricity squared (€2) ..............sssssesssserrserseceeseaesee =0.00669454 
Bessel ellipsoid 
Equatorial radius (@)...0.0.......és0cctsisssctesssscesssseretotonee = 6,377,397.155 meters 
= 3,443.52 nautical miles 
Polar radius (0) .cc-cccc. oe str estnt reteset tit cree = 6,356,078.963 meters 
= 3,432.01 nautical miles 
Mean radius (2a-- b)/ 3 Reenter ctiscctscstsessercosstoens =6,370,291.091 meters 
=3,439.682 nautical miles 
Flattening or ellipticity (fF=1—b/d).........eeeee =1/299.1528 
=0.00334277 
Eccentricity (e=(2f—/2)!!2) ..sssssesseesseseeenneeresseeesneens =0.08169683 
Eccentricity squared (€7) ......ccccscsseseresseeseeeseseneetes =0.00667437 
Clarke ellipsoid of 1866 
Equatorial radius (0)......cccccsessessesessesseeeeneeneenennesscees = 6,378,206.4 meters 
=3,443.957 nautical miles 
Polar radius (D) ......csccecsceccesscssccscesscesccseensecsseeseeseeneees = 6,356,583.8 meters 
—3,432.281 nautical miles 
Mean radius (20 + 0)/8...ccccccsccsccseeteretseseeeetseesenseneens = 6,370,998.9 meters 
—3,440.064 nautical miles 
Flattening or ellipticity (f=1— b/d)... =1/294.98 


=0.00339008 
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EKarth—Continued 
Hiccentricibya C= (2 i=) ue) eae atm reter =0.08227185 
Hecentricity squared! (G2) taverns rs =(0.00676866 
Clarke ellipsoid of 1880 
Hgquatoriallsrad iis (Q)peemacteueeesreteaeeee nee =6,378,249.145 meters 
=3,443.98 nautical miles 
Polarpraditis.(O) sss eresccaasna wate tenses Sees Leoten oss =6,356,514.87 meters 
=3,432.245 nautical miles 
Meantradiuss(2a- 0) ousensscrernteee mance nee oen ae =6,371,004.887 meters 
=3,440.067 nautical miles 
Flattening or ellipticity (f=1—/@)......:cseeceeeeees =1/293.465 
=0.00340756 
Hecentricity (= (2 jaf yn) erscsscetssosteteces anes nee eens =0.0824834 
Hecentricity squared|\(e2)ivcccsrscyscer totes esteee erase =0.00680351 
Everest ellipsoid 
ENawatorialiradiish(@) essences tetas star =6,377,276.3845 meters 
=3,443.454 nautical miles 
Polarsradis.(D)caeesccsnoceas ceo ems eee Teme ee ee =6,356,075.413 meters 
= 3,432,006 nautical miles 
Meanmradilsi(2@-110)/ omer enatnts eeeeatnae eee: =6,370,209.87 meters 
=3,439.638 nautical miles 
Fiattening or ellipticity (f=1—6/a)......... eee =1/300.8017 
=0.0038382445 
Eccentricitys €==(Cfa/2) 2 ee ee =0.08147298 
Hecentricityisquared(e2)ivs.-.ctesercsmeere eee =0.00663785 
Fischer ellipsoid of 1960 (Mercury Datum) 
LDYO(UREIMOVEIEE THEYGINLEES (7) ccccccesecuooecoouocxSbocdoocx concesconneessona = 6,378,166 meters 
=3,443.934 nautical miles 
Polarsraditisy()jeeccesscoeseteees ee eee eee eae sone cess =6,356,784.284 meters 
=3,482.389 nautical miles 
Meantradiush(2@- 1D) deem tne neers =6,371,038.761 meters 
=3,440.086 nautical miles 
Flattening or ellipticity (f=1—6/@)....... cscs =1/298.3 
=0.00335233 
Eccentricity, (e=(2/-/2)l2) een eee =0.081813334 
Hecentricity squared (€2)rnceseucs ene en te =0.00669342 
Fischer South Asia ellipsoid of 1960 
Hquatorialeradiusy (2) mercenaria acer = 6,378,155 meters 
=8,443.928 nautical miles 
Polarsradius: (6)\ncci.c: eee ey De ee =6,356,773.32 meters 
= 8,432.383 nautical miles 
Mean vradinsi(2a=ob)/( Sree tenieeate terete ne eee = 6,371,027.773 meters 
=8,440.08 nautical miles 
Flattening or ellipticity (=1—b/@)........cccceeee = 1/298'3 
=0,00335233 
Hecentricity (e=(2f— 2)! 2) ssa eee =0.081813334 
Hecentricityesquared! (C2) eeccecst: meee eee ee = 0.00669342 
Fischer ellipsoid of 1968 
Equatorialgradiist(@) eer cece acetate = 6,378,150 meters 
=8,443.925 nautical miles 
Polar radius (6)... ..<:4 Bee eee ee = 6,356,768.337 meters 
=38,432.381 nautical miles 
Means radius!\(2a-1b)/ Ome see ees eee eee =6,371,022.985 meters 
=38,440.077 nautical miles 
Flattening or ellipticity (fF=1—0/a)...........c:cc0000 = 2985 
=0.00335233 


Becentricity, (e= (2/77)! 2)... enna ears =0.08181333 
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Earth—Continued 
Hecentricity squared (e2)) ee =0.00669342 
Hough ellipsoid 
Hquatorialaradiusna)emcee ree ee = 6,378,270 meters 
=8,443.99 nautical miles 
POlaTSHACIUSI(D ee tee ee ee es =6,356,794.343 meters 
=3,482.394 nautical miles 
IMeanuradiisi(2a-b) foment ee =6,371,111.448 meters 
=8,440.125 nautical miles 
Flattening or ellipticity (=1—/a)........cceccseseeeees = VAY 
= 0.003367003 
Hecentricity (e=(2/— 72)! 2) ee es =0.08199189 
Hecentricity squared (@2)cc.cccuct. eee eee =0.00672267 
International ellipsoid 
urea torinlerad Us (cL) cement cc ee ee een = 6,378,388 meters 
=8,444.054 nautical miles 
Polatriaadiiask() sexe seskc i eceoectteoste cee =6,356,911.946 meters 
=3,432.459 nautical miles 
Meantradius (2G32b)/3 errr ee cesccene. =6,871,229.315 meters 
= 38,440.19 nautical miles 
Flattening or ellipticity (f=1—/a).......eeceeeees = 20 
=0.003367003 
Hecontricity (e—(27= 72)! 2) ao. cee ans =0.08199189 
Eecentricity squared (@2)).-..cs.-<..-irttee tie ete oncse =0.00672267 
International Astronomical Union figure of earth 
(1968) 
lDrapers ora teubaesve bib ce Gd ence preeeencce eee ee oreo = 6,378,160 meters 
=3,443.931 nautical miles 
POLAT ETAT US: (By eee cree oecaes eS rea eee = 6,356,774.719 meters 
=3,432.384 nautical miles 
Meangradiisd-l=D) jee tresertee retnceteencc seit ceacessss =6,371,031.573 meters 
=3,440.082 nautical miles 
Flattening or ellipticity (f=1—D/a)........ccceeee =1/298.25 
=0.00835289 
Eccentricity (e=(2f—/2)!"?) 20 RRNA... =0.0818202 
Eccentricity squared (e2) <-Aeeee sii hcccttassesnctecesse =0.00669454 
Krassouskiy ellipsoid 
LDA g ae Zope llTatsYo PETS} (GP) Sonne cee ne cee eco rernerer onecoaecG =6,378,245 meters 
=3,443.977 nautical miles 
ote Fre YataVo bia tail (0) ene Se eee =6,356,863.019 meters 
=3,432.43 nautical miles 
Mean radius (22D) pstissecsesesteccpeacccaccctoneseccnce =6,371,117.673 meters 
=3,440.128 nautical miles 
Flattening or ellipticity (f=1—6/a).............. e068 
=0.00335233 
Eccentricity (e=(2f—f2)!!2) .....ssssssssssssesseensensensensenees =(0.08181333 
Eccentricity squared (€7) ........:c:ccseseseesesesesereneneeeeees =0.00669342 
World Geodetic System (WGS) ellipsoid of 1972 
Equatorial radius ()........:::cscseseseeseseseetsseneesenentenens = 6,378,135 meters 
=3,443.917 nautical miles 
Pol aearACutis CD) neetsrarersesetiotre raters tsesetncsesrar-ceerersne = 6,356,750.52 meters 
=3,432.371 nautical miles 
Meant raditis (20 O)/Biiccrsc-ctteresenerssceacavecosenacnassoceenrse =6,371,006.84 meters 
=3,440.068 nautical miles 
Flattening or ellipticity F=1— 6/4)... =1/298.26 
= 0.00335278 


Eccentricity (e=(2f—f2)"!?) csseccsseceseerescsesssseseneeesaes =0.0818188 
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Earth—Continued 
Hecentricity Squared (G2) tes. averseteerestmers stances tereaart =0.00669432 
Length 
ELT CHieteeeanscssteencc voce rseinccsat cans Siesore ase seanres seensercuanceeeeee =25.4 millimeters* 
=2.54 centimeters* 
IFOOEICUES D) eosteccuctcens aioe scsnak shee aeaccos ide cnn cancer =12 inches* 
=1 British foot 
= ¥3 yard* 
=0.8048 meter* 
= ¥. fathom* 
I foot: (U.S Survey) ienccscsonues-ccescontetettsech eaesterveeseees =0.30480061 meter 
LOY AT Aiaws cotter ae eactns «sabes eet OR CRT ee na Maa sa = 36 inches* 
=3 feet* 
=0.9144 meter* 
NB LALNOM pre eer ee co tre. coos sceis cee evar ase escero ne =6 feet* 
=2 yards* 
= 1.8288 meters* 
ECARD Ooeer tia eae catecere tices hain ics csu catiy ase wash oy saendaerete =720 feet* 
=240 yards* 
=219.4560 meters* 
icables(British) etc: cee a ee es =0.1 nautical mile 
I statute: mii] ke. crs accom cctsosee secs te ee ere = 5,280 feet* 


=1,760 yards* 

=1,609.344 meters* 

= 1.609344 kilometers* 

=0.86897624 nautical mile 
lenauticalirmi] yew creer csacee sree wee =6,076.11548556 feet 

= 2,025.87182852 yards 

=1,852 meters* 

= 1.852 kilometers* 

=1.150779448 statute miles 
Demeter Ieee Tn hoe Tee cece ee eee A =100 centimeters* 

=39.370079 inches 

=3.28083990 feet 

= 1.09361330 yards 

=0.54680665 fathom 

=0.00062137 statute mile 

=0.00053996 nautical mile 
iinkalom eteriicss «.ccex t-cescssr cs sccecncon ces eee sa aa rea eee =3,280.83990 feet 

= 1,093.61330 yards 

=1,000 meters* 

=0.62137119 statute mile 

=0.53995680 nautical mile 


Mass 


MNOUTICE errscsccceetesccosseetireer tiesto ee = 437.5 grains* 
= 28.349523125 grams* 
=0.0625 pound* 
= 0.028349523125 kilogram* 
Lp POUNG rca iere nase eee eee =7,000 grains* 
= 16 ounces* 
=0.45359237 kilogram* 
Ishort tony..ts.csccdia hee ee ee =2,000 pounds* 
=907.18474 kilograms* 
=0.90718474 metric ton* 
=0.8928571 long ton 
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Mass—Continued 

PAGE TON RE IO oe cesses, be = 2,240 pounds* 
=1,016.0469088 kilograms* 
=1.12 short tons* 
=1.0160469088 metric tons* 

I kilogram Steen te. Ste ek. = 2.204623 pounds 
=0.00110231 short ton 
=0.0009842065 long ton 

Limetric: tortie. aa Sd, Bee Bm 8 oecscsccess =2,204.623 pounds 
=1,000 kilograms* 
=1.102311 short tons 
=0.9842065 long ton 


Mathematics 
LD CRSA SORA ena ee Pa =3.14159265358979323846264338327 95028841971 
Te eA ee RC RE eS re CR EO, SE =9.8696044011 
INTE sc hatbecctoh eatacccen cence UN POA iE osc =1.7724538509 
Base of Naperian logarithms (€)............:cc:eceeees =2.718281828459 
Modulus of common logarithms (logye)................ =0.4842944819032518 
LFA TANI es eaten ess PA SAE NO aaa vs ansecsecense = 206,264780625 
=3,437/7467707849 
=57° 2957795131 
=57°17'44780625 
Licircle eee SHR rk EE AGE eos cccscees = 1,296,000" * 
= 21,600'* 
=360°* 
=27 radians* 
LS O? SSE, 0) PRES TENSEOT, BASING ENS ca cssctenes =7r radians* 
AL eesccevacuseca ocosees ae oe, aS eae schaz cusses =36002% 
=60 
=0.0174532925199432957666 radian 
NG PMR Ear ca ceeeecteeie aa esn oneseaetndsncze Rte Aco TTT sSiSeZe vanes = 60a 
=0.000290888208665721596 radian 
1 PSR RR IS POR ick ccsecccosesces =0.000004848136811095359933 radian 
Sime Of 1 iieceodepciccnnt ee Nc TIN RT os sssansesesss =0.00029088820456342460 
Siero fee or Vee ee ee tbc atat cee lsesetaasonanen =0.00000484813681107637 
Meteorology 
Atmosphere (dry air) 
INibrogenic site tlen le. ete e re reneveceestecarerssqnevee- =78.08% 
OXY Ber sax, ees. eden ee tlacsss esswrvenstesenttaeseseeese = 20.95% 99.99% 
AT ponte NR SO EAE LOIN aman = 0.938% 
Carbon dioxide sire ittentr ses tecttestemennsnenose =0.03% 
INGOs eee Te ee ccsesthen. mote Ste ete tateearese =0.0018% 
US VU eee yee occ oro sac Pace oe oa ee =0.000524% 
Krypton oiecccciccccecscsscsesessesssscscncnecesecncsesncssressesessess =0.0001% 
Hydrogen... .ccesetsssssesssesseccscesneneenensessssnenescenssecnees =0.00005% 
emOn eee eet eae eeete estate eeteeetteeceeres<cssdsvecseeee =0.0000087% ' 
OZONE Pe ae ee Teas cBesesemtronewersneapouase —0( to 0.000007% (increasing with altitude) 


ROT et tte Men aeattat ose Srecesetdade ees =0,000000000000000006% (decreasing with altitude) 
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Meteorology—Continued 

Standard atmospheric pressure at sea level........ =1,013.250 dynes per square centimeter 
=1,033.227 grams per square centimeter 
=1,033.227 centimeters of water 
=1,018.250 millibars* 
=760 millimeters of mercury 
=76 centimeters of mercury 
= 33.8985 feet of water 
=29.92126 inches of mercury 
=14.6960 pounds per square inch 
= 1.033227 kilograms per square centimeter 
= 1.013250 bars* 


* 


UA DSOL ULE: ZETO crmedoneateneerarreurreer iconv en ae eee =(—) 273716 C 
=(—) 459°69 F 
Pressure 
1 dyne per square centimeter ............ecesceeseeeeereees =0.001 millibar* 
=().000001 bar* 
1 gram per square centimeter ..........:.cceceeeeeeeeees =1 centimeter of water 


= (0.980665 millibar* 
=0.07355592 centimeter of mercury 
=0).0289590 inch of mercury 
=().0142233 pound per square inch 
=0.001 kilogram per square centimeter* 
=0.000967841 atmosphere 
Nema illibarimee cect telceccet hecceee coer eter sectors = 1,000 dynes per square centimeter* 
=1.01971621 grams per square centimeter 
=0.7500617 millimeter of mercury 
=0.03345526 foot of water 
=0.02952998 inch of mercury 
=0.01450377 pound per square inch 
=0.001 bar* 
=0.00098692 atmosphere 
[Smillimeterior mercury ese. seeeeeen eee = 1.35951 grams per square centimeter 
= 1.3332287 millibars 
=0.1 centimeter of mercury* 
=0.04460334 foot of water 
=0.039370079 inch of mercury 
=0.01933677 pound per square inch 
=0.001315790 atmosphere 
INcentimeter OlmMercunyee teen eee =10 millimeters of mercury* 
iminchiofemercuryeee ee nee eee eae =34.53155 grams per square centimeter 
= 33.86389 millibars 
=25.4 millimeters of mercury* 
=1.182925 feet of water 
=0.4911541 pound per square inch 
=0.03342106 atmosphere 


INcentimeter of water:......ae eee ee =1 gram per square centimeter 
=0.001 kilogram per square centimeter 
lpfootrolag water sasee ce eee eee sas acasga cence =380.48000 grams per square centimeter 


= 29.89067 millibars 

= 2.241985 centimeters of mercury 
=0.882671 inch of mercury 
=0.4835275 pound per square inch 
=0.02949980 atmosphere 
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Pressure—Continued 


I pound per square inchuXide-2es.kek.n6.8.. dics = 68,947.57 dynes per square centimeter 
=70.30696 grams per square centimeter 
=70.380696 centimeters of water 
=68.94757 millibars 
=51.71493 millimeters of mercury 
=5.171493 centimeters of mercury 
= 2.306659 feet of water 
= 2.036021 inches of mercury 
=0.07030696 kilogram per square centimeter 
=(.06894757 bar 
=0.06804596 atmosphere 

1 kilogram per square centimeter..........c.cccceeseees =1,000 grams per square centimeter* 
=1,000 centimeters of water 

la DAT AER. «acs ert sng. does Se SA ee ee =1,000,000 dynes per square centimeter* 
=1,000 millibars* 


Speed 


WEF OOUMPET ITI NULE Me ercreeccctecsscrterrcercrsstter cs rer cers =0.01666667 foot per second 
=0.00508 meter per second* 
AVAL. POTN UbE eae erase scnen nse tet nacas cerrse rns onaveet sec =8 feet per minute* 
=0.05 foot per second* 
=0.03409091 statute mile per hour 
=0.02962419 knot 
=0.01524 meter per second* 
defootyper SECONG Fecere es faces -o os sien koaiecvatars<seeneesaetens =60 feet per minute* 
=20 yards per minute” 
=1.09728 kilometers per hour* 
=0.68181818 statute mile per hour 
=0.59248380 knot 
=().3048 meter per second* 
Stati best Cuper WOUIE. ates acccereer itera. pe oecv seb vocaanes oes = 88 feet per minute* 
= 29.33333333 yards per minute 
=1.609344 kilometers per hour* 
= 1.46666667 feet per second 
=(.86897624 knot 
=0.44704 meter per second* 
ga ao Sep ee ee ee eee OE Pet ae oe =101.26859143 feet per minute 
=33.75619714 yards per minute 
= 1.852 kilometers per hour* 
=: 1.68780986 feet per second 
=1.15077945 statute miles per hour 
=(.51444444 meter per second 
1 kilometer per Nour. ...............:scescsssssensseeseeeecneeseers =().62137119 statute mile per hour 
=0.53995680 knot 
= 196.85039340 feet per minute 
=65.6167978 yards per minute 
=3.6 kilometers per hour* 
—3.28083990 feet per second 
—2.23693632 statute miles per hour 
=1.94384449 knots 
—299,792.5 kilometers per second 
—186,282 statute miles per second 
—161,875 nautical miles per second 
—983.570 feet per microsecond 
—299,708 kilometers per second 
—186,230 statute miles per second 
161,829 nautical miles per second 
= 983.294 feet per microsecond 


1 meter per SECON............csecsseressrerctereeseecscrecesenenee 


Light im VaCU0.......sesscsecseseetesecsseessessnenseneneneensereesenees 


Light i air sccsccsesesecsescesseerssssssessenencencenerscasceseensnnents 
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Speed—Continued 
Sound in dry air at 59°F or 15°C and standard=1,116.45 feet per second 
sea level pressure. 
, =1761.22 statute miles per hour 
= 661.48 knots 
= 340.29 meters per second 
Sound in 8.485 percent saltwater at 60°F............. =4,945.37 feet per second 
=3,371.85 statute miles per hour 
= 2,930.05 knots 
=1,507.35 meters per second 


Volume 


1 GUbiC INChe eerste. Gs aie Rak eee hee, =16.387064 cubic centimeters* 
=0.016387064 liter* 
=0.004329004 gallon 
LU CUIDLC LO Ob ures seseeecccesaeveece scones atte ae es ee wes =1,728 cubic inches* 
= 28.316846592 liters* 
=7.480519 U.S. gallons 
= 6.228822 imperial (British) gallons 
=0.028316846592 cubic meter* 
TGUDICY VAT eer cost nek eer eterna ens aes cerca om = 46,656 cubic inches* 
=764.554857984 liters* 
=201.974026 U.S. gallons 
= 168.1782 imperial (British) gallons 
=27 cubic feet* 
=0.764554857984 cubic meter* 
ernallnliterseeetn acer nee eee a ar sere cetne aera =0.061023874 cubic inch 
=0.0002641721 U.S. gallon 
=0.00021997 imperial (British) gallon 
I }CUDIC MCLE Riracectsterte seecteteretec ie eer heen ane = 264.172035 U.S. gallons 
=219.96878 imperial (British) gallons 
=35.31467 cubic feet 
= 1.807951 cubic yards 
quart CUS: reece ence ner mene  cocrer eran ctr tts = 57.75 cubic inches* 
= 82 fluid ounces* 
=2 pints* 
=0.9463529 liter 
=0.25 gallon* 
le Palllong (Wiis) emer ne cree eccrine erate =8,785.412 milliliters 
= 231 cubic inches* 
=().1836806 cubic foot 
=4 quarts* 
=8.785412 liters 
=0.8326725 imperial (British) gallon 
1. ter och Ee ELE =1,000 milliliters 
=61.02374 cubic inches 
= 1.056688 quarts 
=0.2641721 gallon 


L register tOM ..cs:s.c0.cscnt ee ee ees =100 cubic feet* 

= 2.8316846592 cubic meters* 
] measurement ton? Mee, Met cet errr. =40 cubic feet* 

=1 freight ton* 
1 freight, ton ..2AVee 20 Bee IE. Sa eee =40 cubic feet* 


=1 measurement ton* 


APPENDIX D: MISCELLANEOUS DATA 1179 


Volume-mass 
1 cubic foot of seawater ........c.ccccccssscsessssescssseseeccsess.. =64 pounds 


1 cubic foot of freshwater .........:.cccccccccssesessesesseccessn. =62.428 pounds at temperature of maximum densi- 
ty (4°C=39°2F) 

Sey coocnunccus SPR asreee Srna rE SAE Pn yee ee =56 pounds 

Ars shsagtsanvasuicseoncessSeereiser meee =85 cubic feet of seawater* 


=1 long ton 


Vessel Tonnage 


The several kinds of vessel tonnage are as follows: 

Gross tonnage, or gross register tonnage, is the total cubical capacity of a ship 
expressed in register tons of 100 cubic feet, or 2.83 cubic meters, less such space as 
hatchways, bakeries, galleys, etc., as are exempted from measurement by different 
governments. There is some lack of uniformity in the gross tonnages as given by 
different nations on account of lack of agreement on the spaces that are to be 
exempted. 

Official merchant marine statistics of most countries are published in terms of 
the gross register tonnage. Press references to ship tonnage are usually to the gross 
tonnage. 

The net tonnage, or net register tonnage, is the gross tonnage less the different 
spaces specified by maritime nations in their measurement rules and laws. The 
spaces that are deducted are those totally unavailable for carrying cargo, such as 
the engine room, coal bunkers, crews quarters, chart and instrument room, etc. 

The net tonnage is used in computing the amount of cargo that can be loaded 
on a ship. It is used as the basis for wharfage and other similar charges. 

The register under-deck tonnage is the cubical capacity of a ship under her 
tonnage deck expressed in register tons. In a vessel having more than one deck the 
tonnage deck is the second from the keel. 

There are several variations of displacement tonnage. 

The dead weight tonnage is the difference between the “loaded” and “light” 
displacement tonnages of a vessel. It is expressed in terms of the long ton of 2,240 
pounds, or the metric ton of 2,204.6 pounds, and is the weight of fuel, passengers, 
and cargo that a vessel can carry when loaded to her maximum draft. 

The second variety of tonnage, cargo tonnage, refers to the weight of the 
particular items making up the cargo. In overseas traffic it is usually expressed in 
long tons of 2,240 pounds or metric tons of 2,204.6 pounds. The short ton is only 
occasionally used. The cargo tonnage is therefore very distinct from vessel tonnage. 

Nore:—All values in this appendix are based on the following relationships: 
1 inch=2.54 centimeters* 
1 yard=0.9144 meter* 
1 pound (avoirdupois) =0.45359237 kilogram” 


1 nautical mile=1852 meters* F 
Absolute zero=(—)273°16C=(—)459. 69F. 


Decibel Scale 


The decibel (dB) is 10 times the logarithm to the base 10 of the ratio of two 
amounts of power. The decibel scale is used to express conveniently the ratio 


between widely different powers. . 
The ratio between one power P, and a second power P; is expressed in dB’s as: 
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Ve 
LOmogte| ua | 
Ps 
Thus if P; is 1,000 times P2, their ratio is expressed as 


10 logio (10)=10«8=80 dB. 


If P. is 1,000 times Pi, their ratio is expressed as 


10 log (10)=10x(—3)=—30 dB. 


a2 
| Power ratio dB 
1 0 
2 3 
| 4 6 
10 10 
100 20 

1, 000 30 | 

10, 000 40 | 

100, 000 50 | 

1, 000, 000 60 

: manne 5 


Prefixes to Form Decimal Multiples and Sub-Multiples of International System of 


Units (SI 
Multiplying factor Prefix Symbol 

1,000, 000 000 000" = 10%" tera T 

1 000 000 000 =10° giga G 

1000 0007 10° mega M 

LeOU0F = Op kilo k 

1007 == 107 hecto h 
TO ==1.08 deka da 

Ori 10% deci d 

ORO we 102 centi c 

0.001 "2210" milli m 

0-000.001; 1.05% micro LL 

0.000 000 001 =10- nano nD 

0.000 000 000 001 =—10-¥ pico P 
0.000 000 000 000 001 =10-' femto f 
0.000 000 000 000 000 001 =107!8 atto a 
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NAVIGATIONAL COORDINATES 


Coordinate | Symbol | Measured from |Measured along| Pitee-| Measured to | Units | Preci- | Maximum Labels 


tion 


sion 


value 


latitude 
colatitude 


longitude 


L, lat. 


colat. 


equator 


poles 


meridian 


meridian 


N,S 


8, N 


parallel 


parallel 


ot 
011 


90° 
90° 


prime merid- 
ian 


parallel 


E, W 


loca] meridian 


0/1 


180° 


declination 


polar 
distance 


altitude 


zenith dis- 
tance 


azimuth 


azimuth 
angle 


amplitude 


Greenwich 
hour angle 


local hour 
angle 


meridian 
angle 


sidereal 
hour 
angle 


right 
ascension 


Greenwich 
mean 
time 


local mean 
time 


zone time 


sreariw ich 
apparen’ 
ihe 


local 
apparent 
time 


Greenwich 
sidereal 
time 


local 
sidereal 
time 


*When measured from celestial horizon. 


celestial equa- 
tor 


hour circle 


N,8 


parallel of 
declination 


90° 


elevated pole 


hour circle 


8,N 


horizon 


vertical circle 


zenith 


vertical circle 


north 


north, south 


horizon 


horizon 


east, west 


Greenwich 
celestial 
meridian 


local celestial 


meridian 


local celestial 


meridian 


horizon 

parallel of 
declination 

parallel of 
declination 


parallel of 
declination 


hour circle of 
vernal equi- 
nox 


hour circle of 


vernal equi- 
nox 


parallel of 
declination 


parallel of 
declination 


lower branch 
Greenwich 
celestial 
meridian 


lower branch 


local 
celestial 
meridian 


lower branch 


zone 
celestial 
meridian 


lower branch 


Greenwich 
celestial 
meridian 


lower branch 


local 
celestial 
meridian 


Greenwich 
celestial 
meridian 


local 
celestial 
meridian 


parallel of 
declination 


parallel of 
declination 


parallel of 
declination 


parallel of 
declination 


parallel of 
declination 


parallel of 
declination 


parallel of 
declination 


parallel of 
declination 


parallel of 


altitude 


parallel of 


altitude 


vertical circle 


vertical circle 


body 


hour circle 


hour circle 
hour circle 


hour circle 


hour circle 


hour circle 
mean sun 


hour circle 
mean sun 


hour circle 
mean sun 


hour circle 
apparent 
sun 


hour circle 
apparent 
sun 


hour circle 
vernal 
equinox 


hour circle 
vernal 
equinox 


180° 


90°* 


180° 


360° 


180° or 90° 


90° 


360° 


360° 


180° 


1181 


APPENDIX F 
EXTRACTS FROM NAUTICAL ALMANAC 
ALTITUDE CORRECTION TABLES 10°-90°—SUN, STARS, PLANETS 


OCT.—MAR. SUN APR.—SEPT. STARS AND PLANETS 


App. Lower Upper| App. Lower Upper 
Alt. Limb Limb| Alt. Limb Limb 


9 SAB aai.5 9 39 0-6 = ar" : VENUS 

9 45 P Ser iit 9 5I oat : a} 
etre 98 | OA a +10°7—2101 2 | Jan.1 —June 7 

95 +11-0—2173 3 410-8 —a1-0 rs 7 

10 08 10 15 +o1 

+111 —21-2 +10°9 — 20-9 —5:0 42 

te Aho esyia Sat x0 27 4 11-0—20°8 

50.340) hse tO 4° June 8 —July 21 

10 47x yy. Sige 

Il Orit of? 

July 22 —Aug. 6 


@ Z 
+ 0°4 

Pe + 0°§ 

gtih7—201 —4:2 4 

4a nema 3 +118 —20-0 Aug. 7—Aug. 15 

12 37 4 12-1-20:2 & : 

: 95 4 12-2-201 : . 0 6m 23 

3 44 12-3-20-0 ‘ ory 1 © 

13 35 arn], 

, 6 1124-199 ——9- 31 

435 : : ; -6 |Aug. 16 —Sept. 10 


o 1 06 
et 7 
aa +08 


+13'1—19:2 
2 syt132— 191 
SCID 
18 06 + 3 abe 
+13°4—18-9 
+13°5 — 18-8 
t? 27 4 13-6—18-7 
20 03 
+ 13°7— 18-6 
20 48 
oH a oe 
13'9— 18: 
22 zie - é 
23 22. °4 2 
+14:1—18-2 
24 21 
+14:2—18-1 
25 26 
+14:3—18-0 
26 36, - 
+14°4—17°9 
27 §2 
+14°5—17:8 
29 15 
+14°6—17°7 
30 46 
+14'7—17-6 
32 26 
34 far 4 bays 
+14'9—17°4 
36 20 
aiel 5 Oan3 
38 36 
+1§°1—17:2 
41 08 
4359 en 
47 ran oe 1a 
+15°4—16-9 
50 46 
+1§°5— 16:8 
54 49 4 15-6—16-7 
59 23 : 
+15'7—16:6 
64 30 
+15°8—16:5 
7O 12 
+15'9—16-4 
76 26 
+16-0— 163 
83 5 1 16-1 — 16-2 
go 00 


18 42 


+12:8—19-0 — 9.-; |Sept. 11—Sept. 19 


. Teti29— 189 
17 ree eee 
18 ve me chal 
19 FR BE ae 
19 yeahs 
Ae este ce 

+13°5 — 18-3 


2h Es +13°6— 18-2 


= 134 142-176 
33 + 14-3-17'5 
30 00 
+14°4—17°4 
31 3547 ugh 
4°5—173 
33 20 
ryt Gaal 
35 +14°7-17-1 
37 26 
+14:8—17-0 
39 ehaies ya: 
42 31 4°9—16-9 
+15:0—16-8 
45 ates iyi 
§*1—16-7 
48 5547 Ree 
5°2— 16-6 
52 444, aie 2 
5°3—16-5 
57 02 
a +15°4—16-4 
51 
6 +15°5—16:3 
717 
3 161250162 
7 +15°7—16-1 
79 43 | 15-8 16-0 


3 Je +15:9-15:9 


eros 
20 +06 
20 40-7 


Sept. 20— Oct. 5 


Oct. 6 —Nov. 22 
Om. 
465t 3 


Nov. 23 —Dec. 31 


° 


rea es 


fo) , 

+ 0:2 
Ai 
aa (OR 


Nov. 23—Dec. 31 


+0: 
+0: 
ar (oh 


IIO—I0-2 
I1§—10°4 
120—10°6 
125 —10°8 


130—I1'I 
135—11°3 
140—11°5 
145 —11-7 
150—I1'9 
1§§—12'1 


App. Alt. = Apparent altitude = Sextant altitude corrected for index error and dip. 


ne For daylight observations of Venus, see page 260. 


APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


| OcT.-MAR. SUN apr.-seprt. | 


5 STARS 
| Lower Upper Lower Upper PLANETS 
Limb Limb) Limb Limb 


—18-2 —so-5 | —18:4 —s0:2 | SOS 
175 49°8 17°38 49:6] 33:8 
16-9 492| 1771 489| 33-2 
16:3. 486] 16°5 483] 32-6 


ES age 48 ORE T5390" 47°71 32-0 
ISI 4774 ESS3N* 471 31°4 


| —14°5 — 46:8 | —14°8 ~ 46-6 | —30°8 


I4-0 4653 14-2 460) 3073 
| r3"S 9 45'8 1357 9 45°5 29°8 
| I2°9 45:2 1372 45'0 | 29°2 
(ee t2"4\ 44-7 12-7 44:5 | 28-7 
| Tr-O | ads I2°2 44:0 28:2 


| —II-§ —43°8 | —11-7 
| II‘O 4373 FUs2 5 43°05.) 27°3 
I0°5 42°8 I0°8 426 
IO'I 42-4 TOES) 9 42"t") 126-4 


96 41-9 959, 4x7 25°9 
[eee ats 9S 403] 25°5 
— 8:8 —4r-1 | — 9:1 —40-9 | —25-1 
| 8-4 40-7 8-7 405| 24-7 
| 8:0 403 8-3. 401 | 24°3 
77 ‘oro eo me 39:7, 24:0 
73 39°6 | 7-5 71393 23°6 
6-9 39-2 cz 39%) | 42352 
6-6 —38:9 6:8 —38:6 | —22-9 
6:2 38:5 6-5 38-3 SEIS 
5SQ . 3822 6-2 38:0 222 
5:6 37-9 58 37:6 21°9 
573 376 565 "378 21°6 
4:9 37:2 5<2 37°0 21°2 
| — 4:6 —36-9 | — 4:9 —367| —20-9 
42 36'5 44 362 20°5 
| 3°7 36-0 4:0 358 20°0 
| 32, 93555 3°5 ~ 353 19°5 
238  35¢1 31 349 19'I 
2°4 34-7 26 344 18°7 


2'0 —343 
I:6 «33:9 1-8 33-6 17°9 
| I-2 33-5 Me P3303 (8 27-5 
O99 33:2 Der 4329 I7'°2 
O05 32°78 | 0-8 326) 16:8 
— O72 32:5) Ov4ue 32°21 ee lOn5 


O'2 —32-71 
O'5 31:8] + O12 316 15°8 
0-3" 31-5, | Of5 9 Sips |) a 25°5 
ToT Bxr2i 
I‘4 309 RAG ) Gees 14°9 
I'6 30-7 


fe) 
00 
w 
ra 
fo) 
~ 
wy 
N 


I°9 —30°4 


2:2 430-1, | IQ 29°9 Iq’! 
274 29°9 2°I 29:7 139 
2°6 29-7 24 29°4 13°7 
2'9 294 2:6 2972 13°4 


3:1 29:2 2°9 289) 13°2 


+ 3°I —28-7| —13°0 


33 i29}0)| 


Additional corrections for temperature and pressure are given on the following page. 
For bubble sextant observations ignore dip and use the star corrections for Sun, planets, and stars. 


OCT.-MAR. SUN apR.-sEpT. 


x 


HF OMANW HOYUWH 


06 MANY 


FOCIADR WNOSGID RBNHSYN ENGDMAW 
CI ARWDHN 
NRUG 


DI ANVWNHOG ADHRENGOHO YANUKEDNA 
00D DD00 WH MDH MMOIY YAYIANIAD ADAAAKDA AUUUUHUH UHRA RWWWUW 


UAN BNHNHODAH UWHOMOA UKRWNOS 


SS 
oo 
OR NWEDA NIMOHNHNKR AIUOHWU AQis#‘_S.S6doH 


Ww RUDI oo 
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APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


ALTITUDE CORRECTION TABLES—ADDITIONAL CORRECTIONS 


ADDITIONAL REFRACTION CORRECTIONS FOR NON-STANDARD CONDITIONS 


Temperature 
° 20° «30° gos 50° 60° 70° «80° 90° 100°F. 
zm T —_P i a a oie | ees > a ar 
—30°C. —20° —10° 0° +10° 20° 30° 0°C. 
; A T “ 310 
39S ng 
g + D gia 3 
Ss 77) 
2 é 
3 C/D/E/F/G/H/J/K/L/ Jx00¢ 
[=| mee 
s + zs : 
& 5 
a @ 
v 
fa 
Bai 
+/ /+/ #4 


=1-1] 0-0 6| +5-7 ‘9| © 00 
0-9] 0-0 0:9 I'7| 2:6) 3:5] 4:4| 5:2] © 30 
0:7] 0-0 O-7 14 2:1 2:8 3°5 43| 1 00 
0:6| 0-0 06] 2) 1:85 2-4 2-9 : I 30 
0-§| 0-0 0:5 1:0 1-5 2-0] 2:5 2 00 
—0'4| 0-0 | +0-4| +0°8] +1-2] +1-6] 42: 2 30 
‘ : ‘ I: 3 00 
I: 3 30 
I 4 00 
By 4 30 
5 
6 
4 
8 
9 
10 00 
12 i: 
14 
16 rs 
18 Fe 


20 00 20 
25 

30 se 
Y 35 


e's 
i) 


The graph is entered with arguments temperature and pressure to find a zone letter; using as arguments 
this zone letter and apparent altitude (sextant altitude corrected for dip), a correction is akon from the table 
This correction is to be applied to the sextant altitude in addition to the corrections for standard conditions 
(for the Sun, planets and stars from the inside front cover and for the Moon from the inside back cover), 


APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


INDEX TO SELECTED 


Kaus Australis 


Kochab 
Markab 
Menkar 
Menkent 
Miaplacidus 


Mirfak 
Nunki 
Peacock 
Pollux 
Procyon 


Rasalhague 
Regulus 

Rigel 

Rigil Kentaurus 
Sabik 

Schedar 

Shaula 

Sirius 

Spica 

Suhail 


Vega 
Zubenelgenubi 


STARS, 1975 


Name 


PZ PPYNL PYAZZ ZLAAZ YAZZZ PZYPY YZAZZAZ PALLY ZLYYZ YYALZZ YPYozz zvyuy 


S06 GID AAWHN 


Alpheratz 
Ankaa 
Schedar 
Diphda 
Achernar 


Hamal 
Acamar 
Menkar 
Mirfak 
Aldebaran 


Rigel 
Capella 
Bellatrix 
Elnath 
Alnlam 


Betelgeuse 
Canopus 
Sirius 
Adhara 
Procyon 


Pollux 
Avior 
Suhail 
Miaplacidus 
Alphard 


Regulus 
Dubhe 
Denebola 
Gienah 
Acrux 


Gacrux 
Alioth 
Spica 
Alkaid 
Hadar 


Menkent 
Arcturus 

Rigil Kentaurus 
Zubenelgenubi 
Kochab 


Alphecca 
Antares 
Atria 
Sattk 
Shaula 


Rasalhague 
Eltanin 

Kaus Australis 
Vega 

Nunki 


Altair 
Peacock 
Deneb 
Enif 

Al Nair 


Fomalhaut 
Markab 


PYYDZ ZAPZY PZYZY YAZZZ YYYNZ ZYYYZ YAZZY ZZZYZ VYTZYZ 


ZY PZZYZ V2ZVzz 


1185 


1186 


<pozcum 


<rPouzO0zFz 


<~poumc- 


Mer. Pass. 


139 37. 7 
154 40.1 
169 42.6 
184 45.1 
199 47.5 
214 50.0 
229 52.5 


h m 
7 46.9 


132 
147 
162 
177 
192 
207 
222 
237 
252 
267 
282 
297 


312 
327 
342 
357 
12 
27 
42 
57 
72 
87 
102 
117 


APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


1975 MAY 25, 26, 27 (SUN., MON., TUES.) 


ec. 


3 22.6 N24 57.2 
22.1 56.9 
21.6 56.5 
21.1 ++ 56.2 
20.6 55.8 
20.1 55.5 
19.6 N24 55.1 
19.1 54.8 
18.6 54.4 
18.1 -- 54.1 
17.6 53.7 
17.1 53.4 


16.6 N24 53.0 
16.1 52.7 
15.7 52.3 
15:2) een 52.0 
14.7 51.6 
14.2 51.3 


13.7 N24 50.9 
13.2 50.5 
12.7 50.2 
12.3 -- 49.8 
11.8 49.5 
11.3 49.1 


10.8 N24 48.7 
10.3 48.4 
09.8 48.0 
09.4 -- 47.6 
08.9 47.3 
08.4 46.9 


07.9 N24 46.5 
07.5 46.1 
07.0 45.8 
06.5 -- 45.4 
06.0 45.0 
05.6 44.6 


05.1 N24 44.3 
04.6 43.9 
04.1 43.5 
03.7 -+ 43.1 
03.2 42.7 
02.7 42.4 


02.3 N24 42.0 
01.8 41.6 
01.3 41.2 
00.9 -- 40.8 
00.4 40.4 
59.9 40.0 


59.5 N24 
59.0 
58.5 
58,15 +2 
57.6 
57.2 


56.7 N24 
56.2 
55.8 
55.3ae 
54.9 
54.4 


54.0 N24 
53.5 
53.1 
52:6)7° 
52.1 
51.7 
51.2 N24 
50.8 
50.3 
49.9 - 
49.5 
49.0 


G.HA. 


238 475 S 0 24.3 227 20.7 N 4 59.3 
23.5 | 242 22.7 
22.8 | 257 24.7 
22.1 | 272 26.7 
21.3 | 287 28.7 
20.6 | 302 30.7 


253 48.2 
268 49.0 
283 49.7 -- 
298 50.5 
313 51.2 


328 52.0S 0 
343 52.7 
358 53.4 
1315 4.2ee 
28 54.9 
43 55.7 


58 55.45 0 
73 57.1 
88 57.9 
103 58.6 -- 
118 59.4 
134 00.1 


149 00.9 S 0 
164 01.6 
179 02.3 
194 03.1 -- 
209 03.8 
224 04:6 


05.38 0 
06.1 
06.8 
07-5" == 
08.3 
09.0 


ec. G.H.A. 


19.1 | 332 34.7 
18.4 | 347 36.7 
17.6 2030: 
16.9 | 17 40.7 
16.2 | 32 42.7 


15.4} 47 44.7 N 
14.7 | 62 46.7 
14.0] 77 48.7 
13:2) 92 50:7 ses 
12.5 | 107 52.7 
11.8 | 122 54.7 


11.0 | 137 56.7 N 
10.3 | 152 58.7 
09.6 | 168 00.7 
08.8 | 183 02.7 -- 
08.1 | 198 04.7 
07.4 | 213 06.7 


06.6 
05.9 
05.2 
04.4 
03.7 
03.0 


09.8 S 0 02.2 


10.5 


01.5 


11.3 S 0 00.7 
12.0 0 00.0 
12.7 N 0 00.7 


13.5 


01.5 


14.2 N 0 02.2 


15.0 
15.7 
16.5)5i' 
17.2 
17.9 


02.9 
03.7 
04.4 
05.1 
05.9 


18.7 N 0 06.6 


19.4 
20.2 
20.9 -- 
21.7 
22.4 


239 23.2N 0 
254 23.9 
269 24.6 
284 25.4 -- 
299 26.1 
314 26.9 


329 27.6 N 0 
344 28.4 
359 29.1 

14 29.9 - 
29 30.6 

44 31.3 


59 32.1N 0 
74 32.8 

89 33.6 
104 34.3 -- 
119 35.1 
134 35.8 
149 36.6 N 0 
164 37.3 
179 38.0 
194 38.8 -- 
209 39.5 
224 40.3 


07.3 
08.1 
08.8 
09.5 
10.3 


56.9 N 
58.9 
00.9 


02.9 - 


04.9 
06.9 
08.9 N 
10.9 
12.9 


14.9 +> 


16.9 
19.0 
21.0 N 
23.0 
79 25.0 


94 27.0 -- 


109 29.0 
124 31.0 
139 33.0 N 
154 35.0 
169 37.0 


184 39.0 - 


199 41.1 
214 43.1 


Dec. 


16.3 N22 
18.5 
20.6 
(YAN OS 
25.0 
27.2 


29.3 N22 
31.5 
33.7 
35.9 +: 
38.0 
40.2 
42.4 N22 
44.6 
46.7 
48.9 -- 
51.1 
53.3 


55.4 N22 
57.6 
59.8 
Ors = 
04.1 
06.3 


08.5 N22 
10.6 
12.8 
HEM o 9 
17.2 
19.3 


21.5 N22 
23.7 
25.8 
28.0 - 
30.2 
32.4 
34.5 N22 
36.7 
38.9 
411 - 
43.2 
45.4 


47.6 N22 


24.1 N22 20.6 
59.5 26.2 
59.7 28.4 
459.9 30.6 -- 
5 00.1 32.8 

00.3 34.9 


19.9 | 317 32.7 N 5 00.4 37.1 N22 
00.6 39.3 
00.8 41.5 
01.0 43.6 <x 
01.2 45.8 
01.4 48.0 


01.6 50.2 N22 
01.7 52.4 
01.9 54.5 
02.1 rea Pe 
02.3 58.9 
02.5 01.1 


02.7 03.2 N22 
02.9 05.4 
03.0 07.6 
03.2 09.8 -- 
03.4 11.9 
03.6 14.1 


Nome 


Acomar 
Achernar 
Acrux 


Adhora 
Aldebaran 


Alioth 


Alkaid 


Al No‘ir 


Alnilam 


Alphard 


Alphecca 
Alpheratz 


Altair 
Ankaa 
Antares 


Arcturus 
Atria 


Avior 
Bellatrix 
Betelgeuse 


Canopus 
Capella 
Deneb 
Denebola 
Diphda 


Dubhe 
Elnath 
Eltanin 
Enif 
Fomalhaut 


Gacrux 
Gienah 
Hadar 
Hamoal 
Kaus Aust. 


Kochab 
Markab 
Menkar 
Menkent 


Miaplacidus 


S.HA. 


315 
335 
173 
255 
291 


148 
221 


309 
76 
54 

244 

245 


% 
208 
281 
140 
102 


350 

97 
258 
159 
223 


80 
137 


, 


40.4 
48.4 
40.9 
35.3 
22.5 


45.3 
20.9 
19.4 
15.7 
24.2 


34.8 
13.2 
35.8 
44.0 
00.9 


21.5 
27.9 
30.0 
03.0 
32:5 


09.3 
Td 
50.7 
02.6 
24.7 


26.4 
49.1 
58.9 
15.1 
55.5 


32.5) 
21.5 
27.9 
33.3 
21.3 


17.7 
06.8 
45.2 
40.9 
46.0 


21.8 
33.4 
03.8 
02.8 
29.8 


32.6 
13.9 
39.8 
30.1 
44.9 


13.5 
00.3 
59.2 
01.1 
13.6 


57.9 
36.7 


S.H.A, 


250 
356 
345 


, 


14.2 
08.7 
12.1 


N19 18.6 
S68 59.0 
$59 26.2 
N 6 19.6 
N 7 24.1 


$52 41.2 
N45 58.4 
N45 11.4 
N14 42.5 
$18 07.2 


N61 53.2 
N28 35.2 
N51 29.4 
N 9 45.7 
$29 45.0 


$56 58.9 
$17 24.6 
$60 15.5 
N23 20.7 
$34 23.7 


N74 15.5 
N15 04.3 
N 3 59.6 
$36 15.2 
$69 37.4 


N49 46.4 
$26 19.6 
$56 48.6 
N28 05.2 
N 5 17.2 


N12 34.6 
N12 05.2 
S 8 13.9 
$60 44.2 
$15 41.7 


N56 24.0 
$37 05.2 
$16 41.1 
$11 02.2 
$43 20.3 


N38 45.5 
$15 56.5 


Mer. Pass. 


15 08 
8 03 
8 46 


252 19.6 14 57 


APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 1187 


1975 MAY 25, 26, 27 (SUN., MON., TUES.) 


Twilight 


Nout. Civil 
G.H.A. 

180 48.4.N20 47. 69 S20 147 
195 48.4 : 2 70 20 188 
210 48.3 2 69 20228 
225 48.2 -+ 49. ‘1 10 20 266 
240 48.2 1 69 20303 
255 48.1 0 70 20339 
270 48.1 N20 50. S20 37.4 
20 40.7 

20 43.9 

20 46.9 

20 49.9 


ae 
SBFLNS GERSSISE oSSSERS GEREKE SKIES 


vn 2 


90 47.4.N20 
105 47.3 
120 47.2 
135°47.2> -- 
150 47.1 
165 47.1 


180 47.0 N20 
195 46.9 
210 46.9 20 
225 46.8 21 
240 46.7 
255 46.7 
270 46.6 N21 
285 46.6 
300 46.5 
315 46.4 -- 
330 46.4 
345 46.3 
0 46.2 N21 
15 46.2 
30 46.1 
45 46.0 -- 
60 46.0 
75 45.9 


90 45.8 N21 
105 45.8 
120 45.7 
135 45.7 -- 
22] 150 45.6 
165 45.5 


180 45.5 N21 
195 45.4 
210 45.3 
225 45.3 -- 
240 45.2 
255 45.1 
06} 270 45.0 N21 11. H $20 50.9 
285 45.0 : 1 86 20 481 
300 44.9 4 7 8.7 20 45.3 
315 448 -° 13. 4 88 20 423 
330 44.8 8 20 39.2 
345 44.7 9|136 12.0 89 20 36.0 
0 44.6.N21 14.3 | 150 39.9 9.0 S20 327 
15 44.6 71165 07.9 9.0 20 29.3 
30 44.5 1] 179 35.9 9.0 20 257 
45 444 -: 51194 03.9 92 20 22.1 
60 44.4 .0 | 208 32.1 9.2 20 183 
75 44.3 .4|223 003 93 20 145 
90 44.2 N21 16.8 | 237 28.6 $20 10.5 
105 44.1 .2|251 56.9 9.4 20 065 
120 44.1 6 | 266 253 9.5 20 023 
135 44.0 -- 1] 280 53.8 9.5 19 580 
150 43.9 5 |295 223 9.7 19 53.6 
165 43.9 9 | 309 51.0 96 19 49.2 


$.D.15.8 d 04} SOD. 158 15.6 


w 


M 
O° 
N 
12) 
A 
v. 


vn 2 


wn 
SSFENS FEKSSS oSSSURS GSEYLKS SVCKES HN. 


1188 


<~PoOomCcH3PY 


<Pozcm 


159 35.8 
174 38.3 
189 40.8 
204 43.2 
219 45.7 
234 48.2 


249 50.6 
264 53.1 
279 55.5 
294 58.0 
310 00.5 
325 02.9 


340 05.4 
355 07.9 
10.3 
12.8 
15.3 
177 
20.2 
22.6 
25.1 


<rPozos 


145 32.5 
160 35.0 
175 37.4 
190 39.9 
205 42.4 
220 44.8 
235 47.3 


| 10.0 


132 
147 
162 
177 
192 
207 
222 
237 
252 
267 
282 
297 


312 
327 
342 
357 
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Dec. G.HA. ec. G.H.A. ec. 
10.1 N 5 25.4 
25.6 
25.8 
- 25.9 
26.1 
26.3 


26.5 
26.7 
26.8 
- 27.0 
27.2 
27.4 


27.5 
27.7 
27.9 
28.1 
28.2 
28.4 
28.6 
28.8 
28.9 
Ora 
29.3 
29.5 


232 
247 
262 
277 
292 
307 


322 
337 


240 34.8 N i 21.2 
255 35.6 22.0 
270 36.3 22.7 
285 37.1 -- 23.4 
300 37.8 24.2 
315 38.6 24.9 
330 39.3.N 1 25.6 
345 40.1 26.3 

0 40.8 27.1 
15 41.6 ++ 27.8 
30 42.3 28.5 
45 43.1 29.3 


60 43.8 N 1 30.0 
75 44.6 30.7 
90 45.3 31.4 
105 46.1 ++ 32.2 
120 46.8 32.9 
135 47.6 33.6 


150 48.3.N 1 34.4 
165 49.1 35.1 
180 49.8 35.8 
195 50.6 -- 36.5 
210 51.3 37.3 
225 52.1 38.0 


18.6 N23 57.7 
18.2 57.2 
17.8 56.7 
17.5 +: 56.3 
17.1 55.8 
16.7 55.3 


16.3 N23 54.8 
15.9 
15.6 
15:2) 
14.8 
14.4 
14.0 N23 
13.7 
13.3 
12.9 :: 
12.5 
12.2 
11.8 N23 
11.4 
11.1 
10.7 -- 
10.3 


09.6 N23 
09.2 
08.9 
08.5 -- 
08.1 
07.8 
07.4 N23 
07.1 
06.7 
06.3 «: 
06.0 
05.6 


05.3 N23 
04.9 
04.6 
04.2 - 


12 03.9 
27 03.5 


42 03.2 N23 
57 02.8 

72 02.5 

87 02.1 - 
102 01.8 
117 01.4 


132 01.1 N23 
147 00.7 
162 00.4 
177 00.0 -: 
191 59.7 
206 59.4 


221 59.0 N23 
236 58.7 
251 58.4 
266 58.0 -- 
281 57.7 
296 57.3 


311 57.0 N23 
326 56.7 
341 56.3 
356 56.0 -: 
11 55.7 

26 55.4 

41 55.0 N23 
56 54.7 

71 54.4 

86 54.0 - 
101 53.7 
116 53.4 


204 31.9 
219 33.9 


G.HA. 


139 36.7 N22 163 


154 
169 
184 
199 
214 
229 
244 
259 
274 
289 
305 


320 
335 
350 
5 
20 


38.8 
41.0 
OE 2G 
45.3 
47.5 


49.6 N22 
51.8 
54.0 
56.1 -: 
58.3 
00.5 


02.6 N22 


15.6 N22 
17.8 
19.9 
22,1 @e 
24.2 
26.4 


28.6 N22 
30.7 
32.9 
EERE tor 
37.2 
39.4 


41.5 N22 
43.7 
45.9 
48.0 -- 
50.2 
52.3 


54.5 N22 
56.7 
58.8 
01.0 -- 
03.2 
05.3 


07.5 N22 
09.6 
11.8 
14.0 -- 
16.1 
18.3 


20.4 N22 
22.6 
24.8 
26:9 ee 
29.1 
31.2 


33.4 N22 
35.6 
37.7 
399 ee 
42.0 
44.2 


46.4 N22 
48.5 
50.7 
52:8 
55.0 
57.1 
59.3 N22 
01.5 
03.6 
05.8 -- 
07.9 
10.1 


Dec 


2 (SAT., SUN., MON.) 


16.3 
16.3 
16.2 
16.2 
16.2 


16.2 
16.1 
16.1 
16.1 
16.0 
16.0 


16.0 
15.9 
15.9 | Altair 
15.9 | 
15.8 
15.8 
15.8 
15.8 
15.7 
15.7 
15.7 
15.6 


Kaus Aust. 


Kochab 
Markab 
Menkar 
Menkent 


Rasalhague 
Regulus 
Rigel 

Rigil Kent. 
Sabik 


Schedar 
Shaula 
Sirius 
Spica 
Suhail 


Miaplacidus 


177 
06.8 
45.2 
40.9 
46.1 


217 
33.3 
03.7 
02.8 
29.8 


32.6 
13.9 
39.8 
30.1 
44.9 


13.4 
00.2 
59.2 
01.1 $11 
13.6 S43 


57.9 N38 
36.7 S15 


243 18.1 15 
352 01.3 7 
344 07.2 8 
251 37.1 14 


. Poss. 


12 
56 
27 
36 
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G.M.T. See Glvil a 
Cs h 


3] 00] 180 38.1.N2i 47.6 


<powmca4pym 


<pozcm 


<~rPoZzZO=F 


01) 195 38.0 47.9 
02] 210 37.9 48.3 
03] 225 37.8 ++ 48.7 
04] 240 37.7 49.0 
05] 255 37.6 49.4 


06] 270 37.6 N21 49.8 
07} 285 37.5 50.1 
08} 300 37.4 50.5 
09) 315 37.3 -- 50.9 
10} 330 37.2 51.2 
11] 345 37.1 51.6 


12] 0 37.0 N21 51.9 
13] 15 36.9 52.3 
14 36.9 52.7 
15 36.8 -- 53.0 
16 36.7 53.4 
17 36.6 53.7 


18 36.5 N21 54.1 
19 36.4 545 
20 36.3 54.8 
21 36.2 ++ 55.2 
22 36.1 55.5 
23 36.0 55.9 


00 36.0 N21 
01 35.9 
02 35.8 
03 Sy oe 
04 35.6 
05 35.5 
06 35.4 N21 oi 
07 35.3 : i i ! Twilight 
08 35.2 : i : : : : Civil Naut. 
09 Bile Or 
10 35.0 21 
ll 34.9 22 
12 34.8 N22 
13 34.8 
14 34.7 
15 34.6 -: 
16 345 
17 34.4 
18 34.3 N22 
19 34.2 
20 34.1 
21 34.0 -: 
22 33.9 
23 33.8 
00 33.7 N22 
01 33.6 
02 33.5 
03 33.4 -: 
04 33.3 
05 33.2 
06 33.1 N22 
07 33.0 
08 32.9 
09 32.9 -- 
10 32.8 
11} 345 32.7 
12] 0 32.6 N22 
13 
14 
15 
16 
17 
y Y : : : é Eqn. of Time 
22 : 
23) 165 31.5 12.1 


$.0.15.8 d 03 S.D. 14.8 14.8 
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LO7SMUNEM2,.V37014 (THURS, FRIESAT.) 


VENUS —-3.9| MARS +0.8 | JUPITER -1.9} SATURN +0.4 STARS 
sve =u 
Gen GHA. Dec. GHA Dec T GHA Dec, GHA Dec Nome S.H.A Dec 
d h ° , ° , ° , ° ‘ ° , ° , ° , ° , ° , ° , 
12 00 131 06.2 N21 02.9 | 244 12.2 N 4 47.9 | 241 58.0N 6 13.1 | 149 56.7 N22 06.6 |Acamar 315 40.3 $40 24.0 
01 146 06.1 02.2 | 259 13.0 48.6 | 257 00.1 13.3 | 164 58.8 06.6 |Achernar 335 48.3 S57 21.4 
02 161 06.0 01.5 | 274 13.8 49.3 | 272 02.2 13.4 | 180 01.0 06.6 |Acrux 173 41.0 $62 58.2 
03 176 05.9 -- 00.8|289 14.5 -+ 50.0 | 287 04.2 -- 13.6]195 03.1 -- 06.5 |Adhara 255 35.3 S28 56.5 
04 191 05.8 21 00.1 | 304 153 50.7 | 302 06.3 13.7 | 210 05.2 06.5 |Aldebaran 291 22.4 N16 27.6 
05 206 05.7 20 59.3 | 319 16.0 51.4 | 317 08.4 13.9 | 225 07.4 06.4 
06 221 05.6 N20 58.6 | 334 16.8N 4 52.1 | 332 10.4N 6 14.0 | 240 09.5 N22 06.4 Alioth 166 45.4 N56 05.7 
07 236 05.5 57.9 | 349. 17.6 52.8 | 347 12.5 L4r2b 255 alee) 06.4 | Alkaid 153 21.0 N49 263 
T 08 251 05.4 57.2 4 183 53.5 2 14.6 14.3 | 270 13.8 06.3 |Al No‘ir 28 19.2 S47 04.5 
H 09 266 05.3 +: 56.4 19 19.1 ++ 54.2 17 16.6 +: 14.5 | 285 16.0 -: 06.3 |Alnilam 276 15.6 S$ 1 13.1 
u 10 281 05.3 55.7 34 19.8 549 | 32 18.7 14.6 | 300 18.1 06.3 |Alphard 218 24:45 8333 
Ve ll 296 05.2 55.0} 49 20.6 55.6 | 47 20.8 14.8 | 315 20.2 06.2 
Sipl2 311 05.1 N20 54.3 64 21.4N 4 56.3] 62 22.8N 6 15.0 | 330 22.4 N22 06.2 |Alphecca 126 34.8 N26 47.9 
D 13 326 05.0 5305 UA a Cal Arh PK) 15.1 | 345 24.5 06.1 |Alpheratz 358 13.1 N28 57.2 
A 14 341 04.9 52.8] 94 22.9 ST al neuen 0) 15.3 0 26.7 06.1 | Altair 62 35.7 N 8 48.2 
Neal) 356 04.8 -: 52.1|}109 23.7 -- 584/107 29.0 -- 15.4 15 28.8 -- 06.1 |Ankaa 353 43.9 $42 26.1 
16 11 04.7 51.3 ]124 244 SOA 220 Silo 15.6 30 30.9 06.0 | Antares 113 00.9 $26 22.7 
7 26 04.6 SOv6u) U3 925.2 4.59.8 3733872 ony We 45) So 06.0 
18 41 04.5 N20 49.9] 154 25.9N 5 00.5] 152 352N 6 15.9] 60 35.2 N22 06.0 |Arcturus 146 21.5 N19 186 
19 56 04.5 49.2 | 169 267 O12 | 67 37-3 16.0 75 37.4 05.9 | Atria 108 27.8 S68 59.1 
20 71 04.4 48.4 | 184 27.5 01.9 | 182 39.4 16.2 90 39.5 05.9 | Avior 234 30.1 $59 26.1 
21 86 04.3 -- 47.7}199 28.2 -- 026/197 41.4 -+ 16.3])105 41.6 -- 05.9 |Bellatrix 279 02.9 N 6 19.6 
22 101 04.2 47.0 | 214 29.0 03.3 | 212 43.5 16.5 | 120 43.8 05.8 |Betelgeuse 271 32.5 N 7 241 
23 116 04.1 46.2 | 229 29.7 04.0 | 227 45.6 16.6 | 135 45.9 05.8 
04.1 N20 45.5 | 244 30.5 .N 5 04.7 | 242 47.6N 6 16.8 | 150 48.1 N22 05.7 |Canopus 264 09.3 S52 41.1 
01 146 04.0 44.8 | 259 313 05.4 | 257 49.7 16.9 | 165 50.2 05.7 |Capella 281 17.1 N45 58.4 
02 161 03.9 44.0 | 274 32.0 06.1 | 272 51.8 17.1 | 180 52.4 05.7 |Deneb 49 506 N45 115 
03 176 03.8 ++ 43.3) 289 32.8 -- 068); 287 538 -: 17.2;195 545 -- 05.6 |Denebolo 183 02.7 N14 42.5 
04 191 03.8 42.6 | 304 33.6 07.5 | 302 55.9 17.4 | 210 56.6 05.6 |Diphda 349 24.6 S18 07.1 


206 03.7 41.8 | 319 343 08.2 | 317 58.0 17.5 | 225 58.8 05.6 


06 221 03.6 N20 41.1 | 334 35.1 N 5 08.9 | 333 00.0 N 6 17.7 | 241 00.9 N22 05.5 |Dubhe 194 26.6 N61 53.2 
07 236 03.5 40.3 | 349 35.8 09.6 | 348 02.1 17.9 | 256 03.1 05.5 |Elnath 278 49.0 N28 35.2 
08 251 03.5 39.6 4 366 10.3 3 04.2 18.0 | 271 05.2 05.4 | Eltanin 90 58.8 N51 29.5 
F 09 266 03.4 -- 38.9} 19 37.4 -- 11.0] 18 06.3 -- 18.2 | 286 07.3 -- 05.4 JEnif 34149 N 9 458 
rR 10 281 03.3 38.1) 34 38.1 17) 33 083 18.3 | 301 09.5 05.4 | Fomalhaut 15 55.3 $29 44.9 
alae 296 03.3 37.4) 49 38.9 12.4 | 48 10.4 18.5 | 316 11.6 05.3 
D 12 311 03.2 N20 36.6] 64 396N 5 13.1] 63 12.5 N 6 18.6 | 331 13.8 N22 05.3 |Gacrux 172 32.6 S56 58.9 
A 13 326 03.1 35.9) 79 40.4 13.8} 78 14.5 18.8 | 346 15.9 05.3 |Gienah 176 21.6 S17 246 
Y 14 341 03.1 35.1} 94 41.2 14.5 | 93 16.6 18.9 1 18.0 05.2 |Hadar 149 28.0 S60 15.6 
15 356903.0 +2) 34:41) 109)41.9 -) 1572 e085 1BU7) =~) 19-0 6 e20i25-- 05:2 | Hamal 328 33.2 N23 20.7 
16 11 03.0 33.7 | 124 42.7 15:9 123" 20:8 19-25 |) 31 a2233 05.1 |Kaus Aust. 84 21.2 S34 23.7 


26 02.9 32.9 | 139 43.5 16.6 | 138 22.8 19.4} 46 245 05.1 


18 41 02.8 N20 32.2 | 154 44.2 N 5 17.3 |153 24.9N 619.5] 61 26.6 N22 05.1 |Kochab 137 17.9 N74 15.5 
19 56 02.8 31.4 | 169 45.0 18.0 | 168 27.0 V9.7 |, 76 p2Bs7 05.0 |Markab 14 06.7 N15 04.4 
20 71 02.7 30.7 | 184 45.7 18.7 | 183 29.0 T9.B ead) 93029 05.0 |Menkar 314 45.1 N 3 59.6 
21 86 02.7 -- 29.9)199 46.5 -- 19.4]198 31.1 -- 20.0 | 106 33.0 -- 05.0 |Menkent 148 41.0 $36 15.2 
22 101 02.6 29.2 | 214 47.3 20.1 | 213 33.2 20.7 | 121 935.2 04.9 |Miaplacidus 221 46.2 S69 37.4 


116 02.6 28.4 | 229 48.0 20.8 | 228 353, 20.3 | 136 37.3 04.9 
02.5 N20 21.5 | 243 37.3.N 6 20.4 | 151 39.4 N22 04.8 


Mirfok 309 21.7 N49 46.4 


01 146 02.5 26.9 | 259 49.6 22.2 | 258 39.4 20.6 | 166 41.6 04.8 |Nunki 76 33.2 S26 19.6 
02 161 02.4 26.2 | 274 50.3 22.9 | 273 41.5 20.7 | 181 43.7 04.8 |Peacock 54 03.6 S56 48.6 
03 17650249 -2) 25:47) 289) 5100" Se 2316 1) 288543765 -") 20:9 11196 145.9 == 04°7 | Pollux 244 02.8 N28 05.2 
04 191 02.3 24.7 | 304 51.8 24.2 | 303 45.6 21.0 | 211 48.0 04.7 | Procyon 245 29.8 N 5 17.2 
05 206 02.3 23:9) 3.19 52:6 24.9 | 318 47.7 21.2 | 226 50.1 04.7 
06 221 02.2 N20 23.2 | 334 53.4N 5 25.6 | 333 49.8N 6 21.3 | 241 52.3 N22 04.6 |Rasalhague 96 32.6 N12 34.7 
07 236 02.2 22.4 | 349 54.1 26.3 | 348 51.8 21.5 | 256 54.4 04.6 |Regulus 208 13.9 N12 05.2 
Ss 08 251 02.1 21.7 4 549 27.0 Sy BEh) 21.6 | 271 56.6 04.5 |Rigel 281 39.8 S 8 13.8 
A 09 266 02.1 -> 20.9} 1955.7 -- 277] 18 56.0 -: 21.8 | 286 58.7 -- 04.5 |Rigil Kent. 140 30.1 S60 44.3 
TO 281 02.1 20.1| 34 56.4 28.4) 33 58.1 21.9 | 302 00.8 04.5 |Sabik 102 44.9 S15 41.7 
u ll 296 02.0 19.4) 49 57.2 29.1} 49 00.1 220 7 20550) 04.4 
Rplz 311 02.0 N20 18.6} 64 580N 5 29.8] 64 02.2.N 6 22.2 | 332 05.1 N22 04.4 |Schedar 350 13.3 N56 24.0 
D 13 326 01.9 WIPE) | VED ENSy/ 30.5 | 79 04.3 22.4 | 347 07.3 04.4 |Shaula 97 00:2" S37 (05:2 
A 14 341 01.9 17.1} 94 59.5 31.2] 94 06.4 22.5 2 09.4 04.3 |Sirius 258 59.2 S16 41.1 
Yes 356,019 -*" 16.4) 110 002 = 31/9109! O84 =~) 22.7) 17115 =~ 04.3))Spica 159 01.1 S11 02.2 
16 11 01.8 15.6 | 125 01.0 32.6 | 124 10.5 22.8))\) 32 1387 04.2 | Suhail 223 13.7 $43 20.3 
17 26 01.8 14.8 | 140 01.8 33.3 | 139 12.6 23.0] 47 15.8 04.2 
18 41 01.8 N20 141]155 025N 5 340/154 14.7.N 6 23.1] 62 17.9N22 04.2 |Vega 80 57.8 N38 45.6 
19 56 01.8 13.3 | 170 03.3 34.7 | 169 16.7 (ENE) |code 3 04.1 |Zuben’ubi 137 36.7 S15 565 
20 71 01.7 12.6 | 185 04.1 35.4 | 184 18.8 23.4) 92 22.2 04.1 SHA 
21 86 01.7 +: 11.8) 200 04.8 -- 36.1) 199 20.9 +--+ 236)107 244 -- 041 Same hom 
22 101 017 11.0 | 215 05.6 36.8 | 214 23.0 2371 P22 526\5 04.0 | Venus 230) 22:98 15.16 
23 116 016 10.3 | 230 06.3 SMA) | 229 25m 23.9 | 137 28.6 04.0 |Mars 343 49.4 7 42 


Jupiter 342 06.5 7 48 
Saturn 250 06.9 13 55 


Mer. Poss. 6 36.2/ v-o01 ad 07 Y OL of On ve Ze d Loe 0.0 


doh e , ° , 
12 00) 180 06.5 N23 05.8 


<~pouvunmcias 


<POMCH4d>Y 


01) 195 06.3 


05.9 
06.1 


+ 063 


300 05.4 

09) 315 05.3 -- 
10} 330 05.2 
05.1 


06.4 
06.6 


06.8 
06.9 
07.1 
07.3 
07.4 
07.6 


07.8 
07.9 


08.1 


04.2 N23 
04.0 
03.9 
03.8 -- 
03.6 
03.5 


03.4 N23 
03.3 
210 03.1 
225 03.0 -- 
04] 240 02.9 
255 02.7 


270 02.6 N23 
285 02.5 
02.3 
02.2 -- 
02.1 
02.0 
01.8 N23 
15 01.7 
30 01.6 
45 014 -- 
60 01.3 
75 01.2 


90 01.0 N23 
105 00.9 
120 00.8 
135 00.6 -: 
150 00.5 
165 00.4 


180 00.3 N23 
195 00.1 
210 00.0 
224 59.9 - 
239 59.7 
254 59.6 
06] 269 59.5 N23 
284 59.3 
08/299 59.2 
RY ae 
58.9 
58.8 


58.7 N23 
58.5 
58.4 
583) 
58.1 
58.0 


19] 104 57.7 
20] 119 57.6 


22] 149 57.4 
23| 164 57.2 


$.0.15.8 d 0.1 


08.3 
08.4 
08.6 


08.7 
08.9 
09.1 
09.2 
09.4 
09.5 
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149 45.2 


11.4 
37.6 
03.8 


z 
BAAeern YI INWOOD OMowo0rwo wo 


vn 2 z 
S oSSSuns SSRLFES 


nN 
[—) 


RSRS 


Twilight 


Nout. Civil 


Twilight 


Civil 


Eqn. of Time 
00" 


Naut. 


Mer. Pass. 
Upper 


ILO 
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STARS, 1975 JANUARY—JUNE 


S.H.A. Dec. 
SHEED) SEHEC CRN IS WGR 92 JAN. | FEB. | MAR. | APR. | MAY | JUNE JAN. | FEB. | MAR. | APR. | MAY | JUNE 
3:1 |y Ursa Minoris + | 129] 49°3 | 48-8 | 48-3 | 47°9 | 47:8 | 48-0 || N. 71 | 55°0| 55-0 | 55°0| 55-1 | 55°3| 55°5 
3:1 |y Trianguli Aust. | 130| 51°5 | 50-9] 50°4 | 50:0 | 49°8 | 49-7 || S. 68 | 35:1 | 35°I | 35-2 | 35°3 | 35'5 | 35°6 
2:7 |B Libre 131 | 05:0 | 04:7 | 04°5 | 04:4 | 04:3 | 04:2 || S. 9 | 17°5 | 17°6| 17°7 | 17°7| 17:7 | 17°6 
2:8 |B Lupi 135 | 46°5 | 46:2 | 45:9 | 45:7 | 45°6 | 45:6 || S. 43 | O19 | 02-0 | 02°1 | 02:2 | 02°3 | 02°3 
2:2 |B Ursze Minoris 40 |137| 19:2 | 18-6| 18:0 | 17:7] 17°6| 17-9 || N. 74| 15:1 | 15:0 | 151 | 15:2 | 15°4| 15°5 
29 }a Libre 39 | 137 | 37°4 | 37:2 | 37:0 | 36°8 | 36-7 | 36-7 || S. 15 | 56-3 | 56-4 | 56°5 | 56°5 | 56-5 | 56°5 
2:6 | « Bootis 139 | O1'5 | O1:2 | OI-0 | 00°9 | 00°8 | 00'9 || N. 27 | 10°5 | 10°4 | 10°4 | 10°5§ | 10°6 | 10-7 
2-9 |a Lupi 139 | 55:9] 55°5 | 55°3 | 55°1 | 54°9| 550 || S. 47 | 16-8 | 16-8 | 16-9 | 17-0 | 17°1 | 17-2 
o'r |a Centauri 38 | 140 | 31:2 | 30°8 | 30°5 | 30-2 | 30-1 | 30:2 || S. 60 | 43-7 | 43:8 | 43:9 | 44:0 | 44-2 | 44°3 
2°6 |7 Centauri 141 | 31:0 | 30°7 | 30°5 | 30°3 |. 30-2 | 30-2 || S. 42 | 02°8 | 02-9 | 03:0 | 03°1 | 03:2 | 03-3 
3:0 |y Bootis 142 | 13:9 | 13-6 | 13:4 | 13-2 | 13:2 | 13-2 || N. 38 | 24°7 | 24-7 | 24:7 | 24°8 | 24-9 | 25-0 
0:2 |a Bootis 37 | 146) 22-0/ 21:8 | 21°6 | 21°5 | 21-5 | 21°5 || N. 19 | 18-5 | 18-4 18-4 | 18°5 | 18-5 | 18:6 
2:3 | @ Centauri 36 | 148 | 41:6 | 41-3 | 41-1 | 41-0| 40-9 | 41-0 || S. 36 | 14:8 | 14:9] 15:0 | 15°1 | 15:2 | 15-2 
o-9 |B Centauri 35 | 149| 28-9 | 28°5 | 28-2 | 28-0 | 27-9 | 28-0 || S. 60 | 15:0 | 15-1 | 15:2 | 15°4| 15°5 | 15°6 
3:1 | ¢ Centauri I§I | 30'I | 29°8 | 29°5 | 29-4 | 29°3 | 29°4 || S. 47 | 09°8 | 09:9 | 10:0 | 10:2 | 10°3 | 10°3 
2°8 |7 Bootis 1§1 | 37°4| 37'1 | 37:0 | 36-9 | 36-9 | 36-9 || N. 18 | 31°1 | 31:0 | 31°0 | 31°1 | 312 | 31-2 
1-9 | Urse Majoris 34 | 153] 21:5 | 21-2 | 21-0 | 20-9 | 20:9 | 21-0 || N. 49 | 25°9 | 25:9 | 259 | 26:0 | 26-2 | 26-3 
2°6 | « Centaurit 1§§ | 25°2 | 24°8 | 24:6 | 24-4 | 24:4 | 24°5 || S. §3 | 20:2 | 20°3 | 20°5 | 20°6 | 20-7 | 20°8 
1:2 |a Virginis 33 | 159] O1-6 | O1-4 | O1-2 | OI-1 | O1-1 | OL-1 || S. 1X | 02:0 | 02:1 | O2'1 | 02-2 | 02:2 | 02:2 
2:2 |¢ Urse Majoris 1§9 | 16:0 | 15°7 | 15:5 | 15°4| 15°4| 15-6 || N. §§ | 02-9 | 02-9 | 03:0 | 03-1 | 03-3 | 03-4 
2-9 | « Centauri 160 | 11-8 | 11-6 | 11-4 | 11-3 | 11-3 | 11-3 || S. 36 | 34-8 | 34:9 | 35-0 | 35-1 | 35:2 | 35°3 
3:0 | « Virginis 164 | 45°7 | 45°5 | 45°4 | 45°3 | 45°3 | 45:4 || N. 11 | 05-4 | 05-3 | 05:3 | 05-3 | 05-4 | 05-4 
2-9 |a Canum Venat. 166 | 16°8 | 16:6 | 16-4 | 16-4} 16:4 | 16°5 || N. 38 | 26-8 | 26-8 | 26-9 | 27-0 | 27-1 | 27°1 
1-7 | « Ursa Majoris 32 | 166 | 45°8| 45°4| 45:2 | 45:2 | 45-3 | 45-4 || N. §6 | 05-3 | 05-3 | 05-4 | 05:5 | 05-7 | 05-7 
15 |B Crucis 168 | 25:7 | 25:3 | 25-1 | 25:0 | 25:1 | 25-3 || S. 59 | 33-0 | 33-1 | 33°3 | 33°4 | 33-6 | 33-7 
29 |y Virginis 169 | 53'8 | 53-6 | 53°4 | 53°4| 53°4| 53°5 |S. 1 | 18-9| 19-0 | 19-0 | 19-1 | 19-0 | 19-0 
2°4 | y Centauri 169 | 57°6 | 57°3 | 57-1 | 57:0 | 57:1 | 57-2] S. 48 | 49°3 | 49-4 | 49°5 | 49-7 | 49°8 | 49°8 
2:9 |a Musce 171 | 04°I | 03°7 | 034 | 03-3 | 03-5 | 03-7 || S. 68 | 59:7 | 59°8 | 60:0 | 60:2 | 60-3 | 60°4 
2:8 |B Corvi T71 | 43°5 | 43°3 | 43:2 | 43-1 | 43-2 | 43-2 |) S. 23 | 15-6 | 15-7 | 15-8 | 15-9 | 15-9 | 15-9 
1-6 | y Crucis 31 | 172 | 32:9 | 32-6 | 32-4 | 32-3 | 32-4 | 32:6 || S. §6 | 58-3 | 58-4 | 58-6 | 58-7 | 58-9 | 58-9 
I-I |a Crucis 30 | 173 | 41-4 | 41:0 | 40°8 | 40-7 | 40-8 | 41-0 || S. 62 | 57-5 | 57°6 | 57:8 | 58-0 | 58-1 | 58-2 
2:8 |y Corvi 29 |176| 21-8 | 21°6 | 21°5 | 21-5 | 21-5 | 21-6 || S..17 | 24:3 | 24-4 | 24°5 | 24°5 | 24-6 | 24-6 
2:9 | 8 Centauri 178 | 13-6 | 13°3 | 13-2 | 13-2 | 13-3 | 13-4 | S. 50 | 34-9 | 35-1 | 35:2 | 35-4 | 35°5 | 35°5 
2:5 |y Urs Majoris 8X | $1-7 | 51-4 | 51-3 | 51°3 | 51°5 | 51:7 || N. 53 | 49°6 | 49°6 | 49-7 | 49-9 | 50-0 | 50-0 
2:2 |B Leonis 28 | 183 | 02-8 | 02-6 | 02°5 | 02°5 | 02°6 | 02:7 || N. 14 | 42-4 | 42-4 | 42-4 | 42-4 42°5 | 42°5 
2°6 | 3 Leonis I9X | 47°8 | 47°6 | 47°6 | 47-6 | 47-7 | 47°8| N. 20 | 39-4 | 39°3 | 39-4 | 39-4 | 39°5 | 39°5 
3:2 | Urse Majoris 192 | 55°5 | 55°3 | 55:2] 55°3 | 55°4| 55°6 | N. 44 | 37°7 | 37-7 | 37:8 | 37:9 | 38-0 | 38-0 
2:0 |}a Urse Majoris 27 | 194) 26-4 | 26-1 | 26-0 | 26-1 | 26-3 | 26-6 || N. 61 | 52°8 §2°8 | 53:0 | §3°1 | 53:2 | 53:2 
2-4 |B Urse Majoris 194 | 54:2 | 54°0 | 53°9 | 54:0 | 54:2 | 54:4 || N. §6 | 30°6 | 30-7 | 30°8 | 30-9 | 31-0 | 31-0 
2°8 | Velorum 198 | 34:0 | 33°8 | 33-8 | 33-9 | 34:0 | 34:2 || S. 49 | 17:2 | 17°4 17-6 17-7 7s ges 
3:0 | 6 Carine t+ 199 | 28-2 | 28-0 | 28-0 | 28-1 | 28-4 | 28-7 || S. 64 | 15-7 | 15:9 | 16-1 | 16-2 | 16-3 | 16-4 
2°3 |y Leonis 205 | 20°5 | 20°4 | 20°3 | 20-4 | 20°5 | 20°6 || N. 19 | 57°8 | 57-8 | 57°8 | 57:9 | 57:9 | 57°9 
1:3 |a Leonis 26 | 208 | 13-8 | 13-7 | 13-7 | 13-7 | 13:8 | 13-9 || N. 12 05°2 | O§°I | 05-1 | 05:1 | 05:2 | 05-2 
3:1 | « Leonis 213 | 52°9 | 52°8 | 52°8 | 52:8 | 53-0 | 53-1 || N. 23 | 53-1 | 53-1 | 53-2 §3°2 | §3°2 | 53°3 
3:0 | N Velorum 217 | 22°3 | 22°2 | 22°3 | 22°5 | 22-7 | 23:0 || S. 56 | 55:4 | 55:6 | 55:8 §5°9 | $60 | 55°9 
2:2 |a Hydre 25 | 218 | 24:0 | 24-0 | 24:0 | 24-1 | 24:2 | 24-2 || S. 8 | 33-1 | 33-2 | 33-3 | 33-3 | 33-3 | 33°3 
2-6 |« Velorum 219 | 39°2 | 39°I | 39°2 | 39-4 | 39°6 | 39°8 || S. 54 | 54:2) 54:4] 54°6| 54:7] 54:7 | 54:7 
2:2) ev Carine 220 | 52°9 | 52:8 | 52-9 | 53-1 | §3°4 | 53-7 || S. §9| 10:2 | 10-4 | 10-6 | 10-7 10-7 | 10°7 
18 |B Carine 24 | 220 | 44°9 | 44°9| 45-1 | 45-4 | 45°9 | 46-3 || S. 69 | 36-9 | 37-1 | 37:2 | 37°3 | 37-4 | 37°3 
2:2 |A Velorum 23 | 223 | 13°2 | 13°1 | 13:2 | 13-4 | 13:5 | 13-7 || S. 43 | 19-9 | 20-1 | 20-3 | 20-3 | 20-4 | 20°3 
3°1 | « Urse Majoris 225 | 36:6 | 36°6 | 36-6 | 36-8 | 37:0 | 37-1 || N. 48 | 08-2 08-3 | 08-3 | 08:4 | 08-4 | 08-4 
2:0 | 3 Velorum 228 | 59°0 | 59:0 | 59° | 59°4 | 59-6 | 59-8 || S. 54 | 37°0 | 37:2 | 37-4 | 37°5 | 37°5 | 37°4 
I'7 | « Carine 22 | 234 | 29°1 | 29:2 | 29-3 | 29°6 | 29°9 | 30:2 || S. §9 | 25:8 | 26-0 | 26-1 | 26-2 | 26-2 | 26-1 
1'9 |} y Velorum 237 | 47:9 | 47°9 | 48:0 | 48-2 | 48-4 | 48-6 || S. 47| 15-9 | 16-0| 16-1 | 16-2 | 16-2 | 16-1 
2°9 | p Puppis 238 | 22:2 | 22-2 | 22-3 | 22-4 | 22-5 | 22-6 || S. 24| 14-0] 14:2 14:2 | 14:3 | 14:3 | 14:2 
2-3 | ¢ Puppis 239 | 18-8 | 188 | 18-9 | 19-1 | 19:2 | 19-4 || S. 39 | 56-1 | 56-2 56°3 | §$6°4| 56:4] 56:3 
12 |B Geminorum 21 | 244] 02:5 | 02:4 02°5 | 02°7 | 02°8 | 02-8 || N. 28 | 05-1 O5'I | 05-1 | 05:2 | 05-2 | 05:2 
0°5 |a Canis Minoris 20 | 245 | 29°5 | 29-4 | 29°5 | 29-7 | 29°8 | 29-8 ||N. §| 17:2 17-2 | 17:2 | 17:2 | 17-2 | 17-2 


{ Not suitable for use with H.O. 214 (H.D. 486) 


FOR DETERMINING LATITUDE FROM SEXTANT ALTITUDE AND FOR AZIMUTH 


APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


POLARIS (POLE STAR) TABLES, 1975 


L.H.A.| 240°- | 250°- | 260°- | 270° ° ° 
70°— | 280°- | 290°- | 300°- 10°- om © ° 
ARIES| 249° | 259° | 269° ° 3 : Se STO F340 — 1h 330r— | 340°— 1 950°— 
59 69 279 289 299 309° | 319° | 329° 339° 349° | 359° 
{ } é ao Qo ao ao ay ay ay ay ay ao ay 
o I 43°8 I “I Fi : S . ° ‘ ° ‘ ° é ° ’ ° | , ° , Ray te, 
ya =r mt be I a6 I 18-3 | 1 09-9) 1 O11 | 0 52:3] 0 43°6| 0 35:4| 0 27:9| 0 21-3 
2 43°70 38-0 i 3 a é ee FB: | FOOD] PAST74!)| eda Biis 34:6 |,» 27:2)| mi20-7 
a : 4° 16°7 08:2 | 0 59:4 50°5 419 33:8 6a 
3 42°5 37°4 31°1 239 15:8 07°3 58: 2 5 20°1 
S| 49°6 ae : 
4 4271 36°8 30°4 23°1 15°0 06°4 57°6 48:8 pee 2 zt ang 
I 41-6|1 36: : : : ; 
: ee 3 ee I we P I 22°3| I 14:2) I 05°5|0 56°7| 0 47:9} 0 39°4| 0 31°5| 0 24:5 | 0 18°5 
BU eer settee at ce ce reat 1987 | BSE) War IK ba8iGye Bod | V23°8) oer7-s 
i 4 35°0| 28-3] 20°7) 12:5] 03:8] 54:9] 46:2| 37:8) 30-0] 23:2] 17-4 
401) 344] 276; 19:9) 116] 02:9] 54:0] 45:3] 37:0] 29:3] 22:5] 16-9 
9 39°6 33°8 26°9 I9'I 10°8 02-0 §3°2 44°5 36-2 28:6 21°9 16-4 
10 I 39°I | I 33:1 | I 26:1 | I 18:3| 1 09°9/ 1 OF-1 | 0 52:3 | 0 43°6| 0 35:4| 0 27:9| 0 21:3] 015-9 
Lat. a, a, | a, a, a, a, a, a, a, a, a, a, 
0 O°5 0-4 0-3 0:2 0-2 0-2 02 0-2 0-2 o: ; : 
: 3 O'4 oO: 
10 5 “4 | 4 3 3 2 2 2 3 3 4 4 
20 oo} 5 “4 “4 “5 %) 3 3 3 “4 4 $ 
40 e <2 O's 0°5 05 05 O'§ 0:5 05 0'5 O's 0-6 
45 6 +5 *S) =) 2) 5 ) 5) 6 6 
50 6 6 6 6 6 6 6 6 6 6 6 6 
55 ‘6 6 y/ HE a7, wi, 4 7 7 7 6 6 
62 o-7 o-7 08 0'8 0:8 o'9 0'9 08 0-8 0:8 o-7 o-7 
66 7 8 9 0-9 1-0 1-0 1-0 1-0 09 9 8 "7 
68 o-7 0-8 o-9 b axe) 1-0 I-l reese I'l 1-0 o-9 o-9 0:8 
Month a; a; a; a; Qa; a, a, @, a; a; a, a, 
Jan. O-4 0-4 O'4 O's 0°5 05 06 06 0-6 ; 0-7 0-7 o-7 
Mar. 3 3 3 3 3 3 3 3 3 ‘4 ‘4 5 
Apr. O-4 0-4 073 03 03 0-2 0-2 Q:2 o-2 073 oO: oO: 
3 3 
May 6 5 G 4 3 3 3 2 2 2 +2 2 
June % 7 6 5 5 ‘4 ‘4 3 3 3 2 2 
July o'8 0:8 0-8 o-7 0-6 0-6 05 0°5 0-4 0'4 03 03 
Aug. ‘9 ‘9 9 -8 *g 3 oe) 5) 6 § S 4 
Sept. 9 9 9 9 9 9 ‘9 8 +8 "7 7 6 
Oct. 08 08 o-9 o-9 o-9 09 o'9 0-9 o'9 o'9 0-9 0-8 
Nov. 6 7 ‘8 8 ‘9 9 1:0 1-0 1:0 1:0 1-0 1-0 
Dec. 0°5 0°5 06 O-7 o8 | o9 0-9 1:0 I'0 1-0 I'l Il 
Lat. AZIMUTH 
o o'5 0:6 0-7 0:8 0:8 0:8 0:8 08 0:8 0-7 0:6 05 
20 O°5 0-6 o-7 0-8 o-9 o'9 o9 «6|' 09 0-8 08 o-7 O'5 
40 0-6 O'7 o0'9 1:0 2 ER I'l I'l Ter 1:0 o'9 08 o'7 
50 o-7 0-9 b are) Lez 13 1-3 13 13 1-2 I'l 1-0 08 
55 0:8 1-0 1-2 13 I°4 I'5 1'5 1-4 I'4 13 I'l 0'9 
60 0-9 Er 13 135 16 1'7 1-7 1-7 16 1-4 1-3 1:0 
65 Il 13 16 18 19 2:0 2:0 2:0 1'9 1-7 1°5 Te2 


Latitude = Apparent altitude (corrected for refraction) — 1° + ad) + a, + @s 


A. Aries to determine the column to be used; each column refers to a 


The table is entered with L.H. 
from the upper table with the units of L.H.A. Aries in 


range of 10°. a, is taken, with mental interpolation, 
degrees as argument; 4, a, are taken, 
latitude and month respectively. ao, @1, 4s 


without interpolation, 


from the second and third tables with arguments 
are always positive. The final table gives the azimuth of Polaris. 
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1194 APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 


CONVERSION OF ARC TO TIME 


0°-59° | 60°-119° | 120°-179° | 180°-239° | 240°-299° | 300°-359° 0’-00 | 0’-25 | 0’-50 | 0’-75 
° bh om ° h om ° hon ° hom ° h m ° hy in ‘ m 8 m 8 a ry m 8 
0|000] 60] 4 00] 120]! 8 00 | 180 | 12 00 | 240 | 16 00 | 300 | 20 00 | 0 | 0 00 | 0 OF | 0 02 | 0 03 
I | 0 04 61 | 4 04 | 121 8 04 | 181 | 12 04 | 241 | 16 O4 | 301 | 20 04 I | 0 04 | 0 05 | 0 06 |0 07 
210 08 62 | 4 08 | 122 8 o8 | 182 | 12 08 | 242 | 16 08 | 302 | 20 08 2|/008 |009|/o010 jor 
3] 0 12 63 | 4 12 | 123 8 12 | 183 | 12 12 | 243 | 16 12 | 303 | 20 12 3)/012/013|0 14/0 15 
4/016] 64] 4 16 | 124 8 16 | 184 | 12 16 | 244 | 16 16 | 304 | 20 16] 4/0 16/017 ]0 18 |0 19 
§|0 20] 6§ | 4 20| 126 | 8 20] 186§ | 12 20 | 24§ | 16 20 | 305 | 20 20} § | O 20 | 0 21 | 0 22 | 0 23 
6/024] 66 | 4 24] 126 | 8 24 | 186 | 12 24 | 246 | 16 24 | 306 | 20 24] 6/ O 24 | 0 25 | O 26 | 0 27 
7 | 0 28 67 | 4 28 | 127 8 28 | 187 | 12 28 | 247 | 16 28 | 307 | 20 28 7 | 0 28 | 0 29 | © 30 /o0 31 
8 | o 32 | 68 | 4 32 | 128 | 8 32 | 188 | 12 32 | 248 | 16 32 | 308 | 20 32 |] 8 | o 32 | 0 33 | 0 34 | 0 35 
9|0 36] 69 | 4 36] 129 | 8 36] 189 | 12 36 | 249 | 16 36 | 309 | 20 36] 9 | O 36 | 0 37 | 0 38 | 0 39 
10 | 0 40 | 70 | 4 40] 130 | 8 40 | I90 | 12 40 | 2g0 | 16 40 | 310 | 20 40 | ro | 0 40 | 0 41 | 0 42 | 0 43 
Ir | 0 44] 71 | 4 44 | 131 8 44 | I9I | 12 44 | 251 | 16 44 | 311 | 20 44] IT | O 44 | 0 45 | 0 46 |0 47 
12 | 0 48 | 72 | 4 48 | 132 8 48 | 192 | 12 48 | 2§2 | 16 48 | 312 | 20 48 | 12 | 0 48 | 0 49 | 0 50 |0 51 
13 | 0 52 | 73 | 4 52 | 133 | 8 52 | 193 | 12 52 | 253 | 16 52 | 313 | 20 52 | 13 | 0 52 | 0 53 | 0 54 | 0 55 
14|0° 56] 74] 4 56 | 134 8 56 | 194 | 12 56 | 254 | 16 56 | 314 | 20 56 | 14 | 0 56 | 0 57 | 0 58 | 0 59 
1§ | 1 00 | 7§ | § 00 | 135 | 9 00 | 195 | 13 00 | 2§§ | 17 00 | 315 | 21 CO] 15 | I CO | I Or | 1 O2 | 1 03 
16 | 1 04] 76 | 5 04 | 136 | 9 04 | 196 | 13 04 | 256 | 17 04 | 316 | 21 04 | 16 | 1 04 | 1 05 | 1 06 |1 07 
17 | 1 08 977 | § 08 | 137 9 08 | 197 | 13 08 | 257 | 17 08 | 317 | 21 08 | 17 | 1 08 | 1 09 | 1 10 | 1 it 
| 112| 78 | 5 12 | 138 | 9 12 | 198 | 13 12 | 258 | 17 12 | 318 | 21 12 | 18 | 1 12 | 1 13 | 1 14 | 1 15 
19 | 116] 79 | 5 16 | 139 | 9 16] 199 | 13 16 | 259 | 17 16 | 319 | 21 16] 19 | 1 16 |X 17 | 1 18 |1 19 
20 | 1 20] 80/5 20} 140 | 9 20 | 200 | 13 20 | 260 | 17 20 | 320 | 21 20 | 20 | 1 20 | 1 21 | 1 22 | 1 23 
21 | 124] 8x | 5 24] 141 9 24 | 20% | 13 24 | 261 | 17 24 | 321 | 21 24 | 20 | 1 24 | 25 | 1 26 | 1 27 
22 | 1 28 | 82 | 5 28 | 142 | 9 28 | 202 | 13 28 | 262 | 17 28 | 322 | 21 28 | 22 | 1 28 | 1 29 | 1 30 | 1 31 
23 | I 32] 83 | 5 32 | 143 | 9 32 | 203 | 13 32 | 263 | 17 32 | 323 | 21 32 | 23 | 1 32 | 1 33 | 1 34 | 1 35 
24 | 1 36| 84 | 5 36] 144 | 9 36 | 204 | 13 36 | 264 | 17 36 | 324 | 21 36 | 24 | 1 36 | 1 37 | 1 38 | 1 39 
2§|1 40] 8§ | 5 40] 145 | 9 40 | 205 | 13 40 | 265 | 17 40 | 325 | 21 go | 25 | 1 4o | 1 41 | 1 42 |1 43 
26 | 1 44] 86/5 44] 146 | 9 44 | 206 | 13 44 | 266 | 17 44 | 326 | 21 44] 26 | 1 44 | 1 45 | 1 46 | 1 47 
27| 1 48] 87 | 5 48 | 147 | 9 48 | 207 | 13 48 | 267 | 17 48 | 327 | 21 48] 27 | 1 48 | 1 49 |1 50 |1I 51 
28 | 1 52 | 88 | 5 52] 148 | 9 52 | 208 | 13 52 | 268 | 17 52 | 328 | 21 52 | 28 | 1 52 | 1 53 | 1 54 |1 55 
29 | 1 56| 89 | 5 56] 149 | 9 56 | 209 | 13 56 | 269 | 17 56 | 329 | 21 56 | 29 | 1 56 | 1 57 | 1 58 |1 59 
30 | 2 00 | 90 | 6 00 | IS0 | 10 00 | 210 | 14 00 2 2 OI | 2 02 |2 03 
31 | 204] 91 | 6 04 | 161 | 10 04 | 211 | 14 04 2 2 05 | 2 06 |2 07 
32 | 2 08 | 92 | 6 08 | 1§2 | 10 08 | 212 | 14 08 2 209 |2 10 |/2 11 
33 | 2 12 | 93 | 6 12 | 1§3 | 10 12 | 213 | 14 12 2 2 13 |2 14 /2 15 
341216] 94 | 6 16 | 164 | 10 16 | 214 | 14 16 2 217 |}2 18 |2 19 
35 | 220] 95 | 6 20 | 1§§ | 10 20 | 215 | 14 20 2 2,21) 252202523 
36 | 2 24 96 | 6 24 | 156 | 10 24 | 216 | 14 24 2 2 25 | 2 26 |2 27 
37 | 2 28 97 | 6 28 | 1§7 | 10 28 | 217 | 14 28 2 2 29 | 2 30 |2 31 
38 | 2 32 | 98 | 6 32 | 158 | 10 32 | 218 | 14 32 2 2 33 | 2 34 |2 35 
39 | 2 36 | 99 6 36 | 159 | 10 36 | 219 | 14 36 2 2 37 | 2 38 |2 39 
40 | 2 40 | 100 | 6 40 | 160 | 10 40 | 220 | 14 40 2 2 41 | 2 42 |2 43 
4I | 2 44] Tor | 6 44 | 161 | 10 44 | 221 | 14 44 2 2 45 | 2 46 |2 47 
42 | 2 48 | ro2 | 6 48 | 162 | 10 48 | 222 | 14 48 2 2 49 |2 50 /2 51 
43 | 2 §2 | 103 | 6 52 | 163 | Io 52 | 223 | 14 52 2 2 53 |2 54 |2 55 
44 | 2 56 | 104 | 6 56 | 164 | 10 56 | 224 | 14 56 2 2 57 |2 58 |2 59 
3 7 00 | 16§ | II 00 | 225 | 15 00 3 3 OI | 3 02 | 3 03 
3 7 04 | 166 | II 04 | 226 | 15 04 3 3 05 | 3 06 13 07 
3 7 08 | 167 | I1 08 | 227 | 15 08 3 3 09 | 3 10 |3 11 
3 7 12 | 168 | 11 12 | 228 | 15 12 3 313 | 3 14 13 15 
3 7 16 | 169 | II 16 | 229 | 15 16 3 317 |3 18 |3 19 
3 7 20 | 170 | II 20 | 230 | 15 20 3 3 21 302203) 23 
3 7 24 | I7X | It 24 | 231 | 15 24 3 3 25 | 3 26 | 3 27 
3 7 28 | 172 | 11 28 | 232 | 15 28 3 3 29 | 3 30 | 3 31 
3 USEF )| Ue) | 28 Bk |) RRS || UG) Be 3 3 33 | 3 34 | 3 35 
3 7 36 | 174 | 11 36 | 234 | 15 36 3 3 37 | 3 38 | 3 39 

3 7 40 | 175 | 11 40 | 235 | 15 40 I 
3 7 44.Ji17@,|\11044 | 336) 15 44 344 |a4s [346 [34 
3 7 48 | 177 | 11 48 | 237 | 15 48 3 3 49 | 3 50 | 3 51 
3 7 $2 | 178 | 11 52 | 238 | 15 52 3 3 53 | 3 54 | 3 55 
3 7-36 | 179 | 11 36 | 239 | 15 56 59 3 57 | 3 58 | 3 59 


The above table is for converting expressions in arc to their equivalent in time 3 its main use in this Almanac 
is for the conversion of longitude for application to L.M.T. (added if west, subtracted if east) to give G.M.T. or vice 
versa, particularly in the case of sunrise, sunset, etc. 


APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC 1195 


24 INCREMENTS AND CORRECTIONS 25” 


4 | SUN a = 2 m v v 
24 PLANETS ARIES jor Corrs! or Corrn| or Corr 25 SUN ARIES IMOONIlor Corr®| or Corre on Corr" 
d d d PLANETS d a fi 
s ° ' ° ’ ° , ’ ’ , ’ r . 


s ° , ° , ° ’ , ' , ' ' ' 

6 00:0 | 6 01:0 | 5 436 |] 0-0 0:0} 60 25 | 120 4:9 00) 615 
“0 6 16" . \. | ° LY . . 
6 00:3 | 6 01:2 O*1 O00] o1 2:5 49 Pig ec pated viata ee 


01 6153 | 6 163 | 5 58:2 |} 0-1 00] 61 2:6 | 1291 51 
02.) 61555 | 6 16:5 | 5 564 |] o-2 O1 | 62 26 | 122 5:2 
03 | 6158 | 6 168 | 5 586 |] 0-3 O-1 | 6&3 2:7 | 123 5:2 
6 16:0 


6 163 
06 6 16:55 | 61755 | 5 59:3 |] 0-6 0:3] 66 2:8 | 126 54 
07 | 6168 | 6178 | 5 59:6 |] 0-7 03] 6&7 28 | 127 5:4 
08 | 6 17:0 | 6 18:0 | 5 598 |} 0-8 0:3} 68 2:9 | 12-8 5:4 
6173 


6175 
1l | 6178 | 6188 | 6 005 |] 1-1 05] 71 3-0 | 131 56 
12 | 6 18:0 | 6 19:0 | 6 008 |] 1-2 05] 7-2 3:1 | 132 56 
13 | 6183 | 6193 | 6 01:0 |] 1-3 06] 73 3-1 | 13°3 57 
6 185 


6 188 
16 6 19:0 | 6 20:0 | 6 01:7 | 1-6 0:7} 76 3:2 | 13-6 5:8 
17 6 193 | 6 203 | 6 02:0 |] 1-7 0:7] 7-7 3:3 | 13-7 58 
18 | 6195 | 6 20:5 | 6 02:2 || 1-8 08] 7-8 3:3 | 138 5:9 
6 198 


6 20:0 g . 
21 | 6 203 | 6 21:3 | 6 02-9 |] 2:1 0:9} 81 3:4 | 141 6:0 
22 | 6 20:5 | 6 21:5 | 6 03:2 |] 2-2 0:9] 8-2 3:5 | 142 6:0 
23 | 6 20 | 6 218 | 6 03-4 |] 2-3 1:0] 83 35 | 14-3 61 
6 21:0 


6 213 
26 6 21:5 | 6 22:5 | 6 041 || 2-6 Ll+1| 86 37 | 146 6:2 
27 6 21: | 6 22:8 | 6 04:4 |] 2-7 Ll | 87 3:7 | 147 6:2 
28 | 6 22:0 | 6 23:0 | 6 04:6 || 208 1:2] 8-8 3:7 | 14-8 6:3 
6 223 


6 22:5 
31 | 6 22:8 | 6 23:8 | 6 05:3 |] 3-1 1:3] 91 3:9 | 151 6:4 
32 | 6 23:0 | 6 24:0 | 6 05:6 |] 3-2 1:4) 9-2 3:9 | 152 65 
33 6 23:3 | 6 24:3 | 6 05:8 || 3-3 1:4] 93 4:0 | 153 6:5 
6 23°55 


6 238 
36 | 6 24:0 | 6 25:1 | 6 06:5 |} 3-6 1:5| 96 4:1 | 156 66 
37 | 6 243 | 6 25:3 | 6 067 || 3-7 1:6] 97 4:1 | 157 67 
38 6 245 | 6 25:6 | 6 07:0 |] 3:6 1:6] 9:8 4:2 | 158 6:7 
6 248 


6 25:0 
41 6 25:3 | 6 26:3 | 6 07-7 |i 4-1 1:7] 10-1 4:3 | 161 6:8 
42 | 6 25:5 | 6 26% | 6 07-9 |] 4-2 1:8]10-2 4:3 | 162 69 
43 | 6 25:8 | 6 268 | 6 08:2 |] 4-3 1:8] 10-3 4:4 | 163 69 
6 26:0 


6 263 
46 | 6 265 | 6 276 | 6 08-9 |] 4-6 2:0] 10-6 4:5 | 166 71 
47 | 6 26:8 | 6 27:8 | 6 091 || 4-7 2:0 | 10-7 4:5 | 167 71 
48 | 6 27:0 | 6 28:1 | 6 094 |] 4-8 2:0|10-8 4:6 | 168 7-1 
6 273 


6 27°55 
51 | 6 27:3 | 6 288 | 6101 |} &1 2:2}i-1 4:7 | 171 7:3 
52 | 6 28:0 | 6 291 | 6 103 I] +2 2:2]11-2 4:8 | 17-2 7:3 
53 | 6 28:3 | 6 293 | 6106 || 3 2:3 ]1-3 4:8 | 17-3 74 
6 28:5 
6 288 
56 | 6 29:0 | 6301 | 6113 || so 24] u-6 4:9 | 176 7:5 
57 | 6 29:3 | 6 303 | 6115 |] 57 24 )u-7 5:0 | 17-7 7:5 
58 | 6 295 | 6306 | 6118 || 8 2:5] 11-8 5:0 | 17-8 7:6 
6 29:8 


6 30:0 
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TABLES FOR INTERPOLATING SUNRISE, MOONRISE, ETC. 
TABLE I—FOR LATITUDE 


Tabular Interval Difference between the times for consecutive latitudes 

10° 5° 2° | 5™ ro™ 15™{ 20™ 25™ 30M | 35™ go™ 45™ | 50m 55™ Go™ | rDOS™ | Ih rom | IB 15™ | 1h 20m 

, ° , ° , m m m m m m m m m m m m h m h m h m h m 
030 015 0906/0 o | lial ok Toned?) 2 ale 2) 2 | OL O2 me OnOZm || OnO2milOLOZ 
I00 030 O12/0 1 I | 22 eee ple seeks) ed sles eS 05 05 05 05 
E790 :9:01. 45.0518 Sets qty e2! | S3bGS E416 4S | S116 87 ee 7 07 07 07 07 
2 (00) #1) 008 024 {F1)> (25983) | 4025 45) (68 17) 77 148 “9810 10 10 10 10 
LEY) BOG OO) rl BG Gi ts oo) Gn en ogre 12 13 13 13 
300 I 30 036/11 3 4/| 6 7 8 Qu 10k 11s) 1213) 147/00 15 40) 15, ino; 165) On16 
30300 1,45 9 042 10203 eS) |e SLO eT Leela 013 eel Aen TOueL 7: 18 18 19 19 
400 200 0048/2 4 6| 8 9 11/]13 14 15] 16 18 19 20 21 22 22 
430 21§ 0054/2 4 7/| 9 It 13|15 16 18] 19 21 22 23 24 25 26 
§ 00 230 100/2 5§ =%7/{|10 12 14/|16 18 20] 22 23 25 26 ZT 28 29 
§ 30 245 106|/3 5 8] 11 I3 16] 18 20 22] 24 26 28 | 0 29 | O 30 | 0 31 | O 32 
600 300 1112/3 6 9Q/|12 14 17|20 22 24; 26 29 31 32 33 34 36 
6 30 315 «18/3 6 10/13 16 19 | 22 24 26| 29 31 34 36 37 38 40 
700 330 1124/3 7 10] 14 17 20/23 26 29 | 31 34 37 39 41 42 44 
730 345 130/4 7 I1/15 18 22) 25 28 31 | 34 37 40 43 44 46 48 
8 00 400 1 36|4 8 12] 16 20 23/27 30 34/37 41 44] 047 | 0 48 | 0 51 | Oo 53 
830 415 1 42/4 8 13/17 21 25 |29 33 36/40 44 48) 0 5I | 0 53 | 0 56] 0 58 
900 430 1 48/4 9 13| 18 22 27/31 35 39| 43 47 52] 055 | 0 58 | I oF | I 04 
930 445 1154/5 9 14] 19 24 28 | 33 38 42 | 47 SI 56] 1 00 | I 04 | 1 08 | 1 12 
10 00 5 00 200|5 I0 15 ]|20 25 30] 35 40 45/|50 55 60| 105 | I 10 | I I§ | I 20 


Table I is for interpolating the L.M.T. of sunrise, twilight, moonrise, etc. for latitude. It is to be noted 
that the interpolation is not linear, so that when using this table it is essential to take out the required pheno- 
menon for the latitude /ess than the true latitude. The table is entered with the nearest value of the difference 
between the times for the tabular latitude and the next higher one, and, in the appropriate column, with the 
difference between true latitude and tabular latitude; the correction so obtained is applied to the time for the 
tabular latitude; the sign of the correction can be seen by inspection. 


TABLE II—FOR LONGITUDE 


Long. Difference between the times for given date and preceding date (for east longitude) 
East or for given date and following date (for west longitude) 
West Ih + 1 de | 
Io™ 20™ 30™ | 4o™ 50™ 60™ | ro™ 20™ 30™ | 4o™ 5o™ GO™ | 22 TOM) 22 20M) 2h 30m | 2b gom | 2h som | 3b oom 
° m m m m m m m m m m m m h mn h m h m b mn h m h m 
toe 2 Cl @. © Ol ©. C CC i) Cie] xr) | hrs) |) Cl ep || ey covey || (ey (ores 
10) | Outs et Teer 22. | Zoe 2 2 3 ees eS 04 04 04 04 05 05 
20 | lee 2, || 2S eee 4 eee On Ome, 07 08 08 09 09 10 
30 Piel 22) |e 3 4a 5: || 76947 27 | See 9 tro II 12 12 13 14 15 
400 te 2) 93) | 4 Oe 7) ees 9 ero) Lr eer2) 313 14 16 17 18 19 20 
SO) PL 83) 14 OeeezeagS) | TOUT e120 148015 e17))| 20) 188) OnTOn|| On2 Tao 226 0 24 | 0 25 
60 Fa 35, 7 98 10) 1213 15 17818) 20 22 23 25 27 28 30 
70 2 4526 8 10 12 | 14 16 17] 19 21 23 25 Pa 29 31 33 35 
80 |2 4 7] 9 II 13] 16 18 20] 22 24 27 29 31 33 36 38 40 
90 1}2 § 7|10 12 15 | 17 20 22 | 25 27 30 32 35 37 40 42 45 
100 |3 6 8/11 14 17] 19 22 25 | 28 31 33] 0 36 | 0 39 | 0 42 | 0 441/10 47 | 0 50 
110 [3 6 9} 12 15 18 | 21 24 27 | 31 34 37 40 43 46 49 | 0 52 | 0 55 
120 | 3 7 10) 13 I7 20] 23 27 30 | 33 37 40 43 47 $0 53 | 9 57 | I 00 
130 4 7 I1 | 14 18 22/25 29 32! 36 40 43 47 51 54 | 0 58 | I or | i 05 
140 4 8 12] 16 19 23] 27 31 35 | 39 43 47 51 54 | 0 §8 | 1 02 | 1 06/1 10 
1§0 | 4 8 13] 17 21% 25 | 29 33 38| 42 46 50] 0 54 | 0 58 | 103 | 107 |] 111 | 1 15 
160 | 4 9 13] 18 22 27 | 31 36 40) 44 49 53| 0 58 | 1 02 | 107] 111 I 16 | I 20 
170 |5 9 14) 19 24 28 | 33 38 42 | 47 52 57] Tor | 1 06 | 111 | 1 16 | 1 20 | 1 25 
180 | 5 I0 15 | 20 25 30| 35 40 45|50 55 60| 105 | 1 10| 115 | 120] 1 25 | I 30 


a Se a eo oe Se eee Ne ee) es by be Bio) 

Table II is for interpolating the L.M.T. of moonrise, moonset and the Moon’s meridian passage for 
longitude. It is entered with longitude and with the difference between the times for the given date and for 
the preceding date (in east longitudes) or following date (in west longitudes). The correction is normally 
added for west longitudes and subtracted for east longitudes, but if, as occasionally happens, the times become 
earlier each day instead of later, the signs of the corrections must be reversed. 


APPENDIX F: EXTRACTS FROM NAUTICAL ALMANAC LLY. 


ALTITUDE CORRECTION TABLES 0°-35°—MOON 


10°-14° | 15°-19° 20°-24° | 25°-29° 

Corrs Corr®| Corrs} Corr=|__ Corre I hi 
00 e 33:8 5 58:2 ide 62-1 15 62:8 /20 62-2 25 60-8 30 58-9 00 
10 35:9 58:5] 62-2 62:8| 62-1 60:8 58:8! 10 
20 37:8 58-7| 62-2 62:8 62:1 60:7 58:8 | 20 
30 39:6 58:9 62:3 62:8 62:1 60-7 58:7| 30 
40 41-2 59°1 62:3 | 62:8 62:0 60:6 58:6 40 
50 42:6 59:3 62-4 62:7| 62:0 60:6 58:°5 50 
oo : 44:0 - 59°5 | a? 62-4! x6 62-7 az 62:0 oy 60:5 31 58:5 00 
10 45:2 59:7| 62-4 62:7} 61:9 60:4 58:4| 10 
20 46-3 59:9 62:5'| 4.02-7)| | 63-0 60:4 58:3 20 
30 47:3 60:0 62:5 | 62:7 61:9 60-3 58:2 30 
40 48-3 60:2} 62:5] 62-7 61-8 60:3 58:2 40 
50 49:2 60-3 | 62:6 | 62:7 61:8 60:2 58:1} 50 
00 50-0 | 7 60 5 | set SSCA 62:7 22 61-7 | 27 60.1 | 3? 58:0] 00 
10 50°8| 60:6] 62-6} 62-6 61-7| 60-1 57:9| 10 
20 51-4 60:7 62:6 | 62:6 61-6! 60-0 57:8 | 20 
30 §2:1 60:9 | 62-7; 62-6 61-6 | 59:9 57:8] 30 
40 52:7| | 61-0) 62:7| 62:6} 61-5; 59:9] 57-7] 40 
50 | 53:3 | 61-1 | 62:7 | 62-6 61-5} 59:8 57:6| 50 
00 3 53:8 | Bienen 23 62-7 | *8 62.5 =3 61-5 | 28 59.7 33 57°5| 00 
10 54°3| 61-3) 62:7/ 62:5| 61:4] 59:7] 57-4| 10 
20 54°8| 61-4] 62:7! 62-5 61-4} 59:6] 57-4] 20 
30 | 55:2 61-5 62:8 62:5 61-3 59:6 57:3 30 
40 556; 61-6 62:8! 62-4 61-3 59°5 57:2| 40 
50 56-0| 61:6) 62:8} 62-4 61-2 59°4 57°1| 50 
oo | 456-4) 9 61-7/ *4 62-8 | 19 62-4|74 61-2 | 79 59-3 | 34 57-0] 00 
10 56:7| 61-8} 62:8| 62-3 61-1 59:3 56:9] 10 
20 57-1| 61-9| 62-8) 62-3 61-1 59:2| 56:9] 20 
30 57°4 61:9 62:8 | 62-3 63-0 59:1 56:8] 30 
40 57:7| _ 62:0, 62:8] 62-2] 60-9] 59:1] 56-7| go 
50 | 57-9 | 62-1 62-8 | 62:2} 60:9) 59:0} _56-6| 50 

PU ks 0 1a U Or PL Uae UgmEs Us) EP. 
4, | : | . sal = 

0-3 0:9 | 0-3 0-9 | 0-4 1-0 | 0-5 I-I | 0-6 1-2 | 0-7 1-3 | 0:9 1-5 | 54-0 


MOON CORRECTION 
TABLE 


§4°3| 0-7 I-1 | 0-7 1:2} 0°7 1:2 | 0-8 1-3 | 0-9 1-4) 1-1 1-5 | 1-2 1-7] 54:3 
§4°6' 1:1 1-4] I-L 1-4! Il 1-4| 1-2 1-5 j 1:3 TO) leat) ; 1:5 1:8| 54:6 
§4°9'1-41-6/ 1-5 1:6:1-5 1-6 161-7, 161-8, 1-81-9| 1-9 2:0/54:9 
65-23 FO lS [128 £28 7 EO1-9% 1-9) 1-9), 2-0) 2-0) 02-1 2) P22) 2:25 5-2 
| | | 
55-5 | 2-2 2-0 | 2-2 2-0 | 2-3 2-1 | 2-3 2-1 j 2-4 2-2 | 2-4 2-3 | 2-5 2-4 §5-5 
55:8; 2-6 2-2 12-6 2:2 2-6 23° 2:7 2:3 2-72-4| 2-8 2-4) 2-92-5 | 55-8 
§6-1| 3-0 2-4 | 3-0 2-5 | 3-0 25 , 3-0 2-5 | 3-1 2-6 | 3-1 2-6 | 3-2 2:7 | 56-1 
56-4) 3-42:7| 342-7 3:42:7 3°42:7| 3-428) 3-5 2:8 | 3:5 2-9 56-4 
§6-7| 3°72:9| 372-9 382-9 382-9 | 3-8 3-0| 383-0 | 3°9 3-0 | 56-7 


The correction is in two parts; 
the first correction is taken from 
the upper part of the table with 
argument apparent altitude, and 
the second from the lower part, 
with argument H.P., in the same 
column as that from which the 
first correction was taken. Sep- 


| 
57:0) 4-130) 413-1 413-1) 413-1) 423-1) 4:2 3:2 4:2 3:2)57-0 arate corrections are given in the 
§73| 4533/4533 4:5 3:3 | 4°53°3| 4:5 3:3} 4:5 3-4 | 463-4 | 57-3 lower part for lower (L) and 
§7:6| 4:9 3:5 | 4935 | 493514935, 493°51493'5/49 3:6 | 57-6 upper (U) limbs. All corrections 
57-9] 5-3 3:8 | 5-3 3:8 | 5:2 3-8 | 5-2 3-7 | 5:2 3°7 | 5:2 3-7 | 5:2 3:7 |57°9 are to be added to apparent alti- 
58-2| 5-6 4:0| 5-6 4:0) 5-6 4:0/ 5-6 4:0] 56 3:9| 563-9 | 5:6 3:9 | 582 tude, but 30’ is to be subtracted 
58-5 | 6-0 4:2 | 6:0 4:2 | 6-0 4:2) 6:042/6-:041/ 5-941! 5:9 4:1 | 58-5 from the altitude of the upper limb. 


For corrections for pressure 
and temperature see page Aq. 
For bubble sextant observa- 
tions ignore dip, take the mean 
of upper and lower limb correc- 


58°8| 6-4 4-4| 6-4 4:4] 6-4 4-4 | 6-3 4-4] 63 43 6343/6242 58-8 
59:'1| 6:8 4:6] 6:8 4:6 | 6-7 46 | 6-7 46/6745 |664:5 | 6644! 591% 
59°4| 7-2 4°8| 7-1 4:81 7-1 4:8 /7-148|704717047| 6-946 59-4 
BOT oat 7 515, 275s. 50 | Sb Ol 7 4A a3 4°8| 7-2 4:7 | 59-7 


P = ae ums * 5 -2 | -8 §-2 | ‘8 5-1 7:7 5:0 7:6 4:9 | 60-0 
a es a7 83 ne i es 3-2 oa | - A |8:05:2/7-9 51 603 tions and subtract 15’ from 
60:6] 8-7 5-7 | 8-7 5:7 | 8-6 5:7 | 8:6 5:6 | 8-5 5°5 | 8:45'4| 8253 606 the altitude. 
60:9/ 9:1 5°9| 9:0 5:9| 9:0 5-9 8-958 |885:7/ 8756 8654 60-9 App. Alt. = Apparent altitude 
9:5 6-2|9:-461|9:46-1/9:36-:0 9259/9158 8956 61-2 = Sextant altitude corrected for 
9:8 6:4| 9-8 6:3/ 9:7 6-3 9:76:2 9:5 61194 9:2 index error and dip. 
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ALTITUDE CORRECTION TABLES 35°-90°—MOON 


35°-39° | 40°-44° | 45°-49° | 50°-54° | 55°-59° | 60°—64° | 65°-69° | 70°-74° | 75°-79° 85°-89° App. 
Corr®| Corr Corre | 
85 


° 


glez 
) 46-9} 


15:6 


46-7 : ; : ; “ G 153 

. . 1§‘I 
15:0 
14:8 


146 
14'5 
143 


RWHEQA ARNO? 
WwWwWWwW Www ww 
AADAA ANUAUY 


> 

_ 

w 
an 


www www www 
Oo comoOtIN NAN 


O OCINAER HHO WD ARNHO BDANWDN- 


CS ACA EWG ah Ca Cae he 
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APPENDIX G 


EXTRACTS FROM AIR ALMANAC 


INTERPOLATION OF G.H.A. 


Increment to be added for intervals of G.M.T. to 
G.H.A. of: Sun, Aries (1) and planets; Moon 


Name Mag.| S.H.A. Dec. 

Acamar 3-1 | 315 40 | S. 40 24] SUN,ete. MOON 

Achernar 0-6 | 33548/ S.5721] ms, , ms 
Acrua 1-1] 173 41| S. 62 58 | 00 00 |, ,, 00 00 
Adhara t 1-6 | 255 35] S. 28 56 01 001 00 02 
Aldebaran t}| 1-1] 29122} N. 1628] 05 0 02 00 06 
Alioth 1-7) 166 46| N. 5606] 99 9 gg 00 10 
Alkaid 1-9 | 153 21] N. 49 26 " 70 04 00 14 
Al Na’ir 2.2] 2819] 8.4705 7 9 os 00 18 
Alnilam t| 1-8] 27616] S. 113 _ 0 06 00 22 
Alphard t| 2-2] 21824] s. 833 25 6) gj 00 26 
Alphecca t| 2-3 | 126 35 | N. 26 48 29 9 og 00 31 
Alpheratz t} 2-2| 35813] N. 2857] 33 9 gq 00 35 
Altair t| 0.9) 6236)N. 848] 37) ,, 0039 
Ankaa 2.4/ 35344] §.4226] 41 00 43 
Antares t| 1-2] 11301] 5.2623] 45 ; 3 00 47 
Arcturus t| 0-2] 146 22] N. 1919 49 9 13 00 51 
Atria 1-9| 108 28] S. 68 59 53 4 14 00 55 
Avior 1.7 | 234 30 | 8. 59 26 | 00 57 5 |, 01 00 
Bellatriz t| 1-7] 27903) N. 6 20] 01 01 01 04 
Betelgeuse t| Sb | 27132) N. 724] gg : . 01 08 
Canopus —0-9 | 26409] S. 52 41 09 018 01 12 
Capella 0-2 | 28117] N. 45 58 13 9 19 01 16 
Deneb 13) 4951) .N.4512] 17 5 4, 01 20 
Denebola 7 | 2-2| 183 03 | N. 14 43 21 01 24 
Diphda t| 2-2] 34924] s.1807] 98 : 01 29 
Dubhe 2.0 | 194 27 | N. 61 53 29 9 93 01 33 
Elnath t| 18 | 27849] N. 2835] 33) 5, 01 37 
Eltanin 2-4| 9059|N.5130] 37 pion Cra 
Enif t| 2-5) 3415|N. 946 41 01 45 
Fomalhaut t| 13] 1555] 8.2945] 4.9 “ 01 49 
Gacruz 1-6 | 17233] S$. 5659 49 ; 01 53 
Gienah t| 2-8] 17622| 8.1725] 53) 5, 0158 
Hadar 0-9 | 149 28| S. 6016] 01 57 02 02 
Fimal t| 2-2| 328 33| N. 23 21] 92 91 9 2° 02 06 
Kaus Aust. 2:0} 8421] S. 34 24 05 0 31 02 10 
Kochab 2.2| 13718|N.7416] 09 : * 02 14 
Markab t| 2-6] 1407] N. 15 04 13 534 0218 
Menkar t+] 2-8} 31445) N. 400 17 02 22 
Menkent 2-3| 14841] S.3615] 91 935 99 97 
Miaplacidus 1-8 | 221 46] S. 69 37 25 0 36 02 31 
Mirfak 1-9| 309 21| N.4946] 29° a 02 35 
Nunki t| 2-1] 7633] S. 26 20 33 02 39 
Peacock 2-1| 5403] 8.5649] 379 39 9943 
Pollux t| 1-2] 24403] N. 2805] 47 9 49 99 47 
Procyon t| 0-5 | 24530] N. 517 45 0 41 02 51 
Rasalhague t| 2-1] 9633) N. 1235 49 : ie 02 56 
Regulus ¢| 1-3|20814|N.1205] 53 1; 03 00 
Rigel ¢| 0-3] 28140] S. 814] 9957 9 44 03 04 
Rigil Kent. 0-1] 140 30 | S. 60 44] 93 97 9 4 93 08 
Sabie t| 2-6] 10245] S.1542] 9, 03 12 
Schedar 2.5 | 350 13 | N. 56 24 ° 0 47 93 16 
Shaula 1.7| 9700} S. 37 05 3 9 48 93 20 
Sirius ¢ |—1-6 | 25859] S. 16 41 : 7049 03 25 
Spica ¢| 1-2] 159 01] S. 11 02] 95 94 9 59 93 a9 
Suhail 2.2 | 223 14| 8. 43 20 

Vega 0-1] 8058] N. 38 46 

Zuben’ubi t| 2-9] 13737 | S. 15 57 


SUN, etc. MOON 


03 17 ' 93 25 
21080 ga ag 
=0n03 

05 
33), 08 Al 
rouee 

0 56 
45 5 9 57 03 54 
e058 Cee 
53 0 59 04 02 

03 57 | 9 04 06 

04 01 | 9, 0410 
05 5 go O4 14 
09 | 93 0419 
13 | 04 04 23 
17 04 27 

105 
21 04 31 

1 06 
25 04 35 
29 |” 04 39 
33 3 1 8 o4 43 


04 575 15 


05 O01 116 


08 7 


731 18 


a 19 
- 


05 12 
05 17 
05 21 
05 25 
05 29 


05 57 
06 01 


06 48 
37 40 06 52 
06 41 06 56 


SUN, etc. MOON 


m | bey) He Fmt ¢ 
06 37 | 4, 06 52 
41 | 4; 06 56 
45 | 45 07 00 
49, 3 07 04 
53 | 44 07 08 
06 57 | 45 07:13 
07 01 | 46 07:17 
05 5 1 47 OF 21 
ret ages 
13 | 4g 07 29 
SL BO toes 
21 151 0” 37 
25 | 59 07 42 
29 | 53 07 46 
eri piore 
37 155 07 54 
te 07 58 


45 158 og op 
495 58 08 06 
53 59 08 11 

07 57 5 09 08 15 

08 01 201 08 19 
05 6 09 08 23 
09 . 03 08 27 
13 5 o4 08 31 
3 208 08 35 
21 2 06 08 49 
25 207 08 44 
29 5 08 08 48 
33 5 09 08 52 
7, 10 08 56 
41 211 09 00 
45 2 12 09 % 
i, 13 09 09 

53 09 13 


08 577 A 09 17 


09 01 g 2 09 21 
05 09 25 


41 2 26 10 00 


2 29 


09 BT. 30 


10 00 


*Stars used in H.O. 249 (A.P. 3270) Vol. 1. 
{Stars that may be used with Vols. 2 and 3. 
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APPENDIX G: EXTRACTS FROM AJR ALMANAC 


(DAY 152) GREENWICH A. M. 1975 JUNE 1 (SUNDAY) 


GMT © SUN ARIES VENUS-3.8 | JUPITER—1.7 | SATURN 0.4 | @® MOON aa Moone Diff. 
. GHA Dec. | GHA “ GHA Bee one ose ele ee : she : pre 
00 00//180 36.0 N21 56.2/248 51.5|132 10 N23 46/232 59 N 5 30/140 29 N22 16/279 21S 6 47 
10//183 06.0 56.3|251 21.9/134 40 235 29 142 59 281 47 45 
201/185 36.0 56.3|253 52.3137 09 237 59 145 29 284 13 43 
30||188 06.0 56.4/256 22.7|139 39 - 240 30 - 148 00 - 286 39 42 
40||190 35.9 56.5|258 53.1142 09 243 00 150 30 289 04 40 
50|/193 05.9 56.5|261 23.5|144 39 245 30 153 00 291 30 38 
01 00//195 35.9 N21 56.6|263 53.91147 09 N23 45|248 01 N 5 30/155 31 N22 16/293 56S 6 36 
10//198 05.9 56.6|266 24.4|149 39 250 31 158 01 296 22 35 
201/200 35.9 56.7|268 54.8/152 09 253 01 160 31 298 47 33 
301/203 05.9 56.8| 271 25.2/154 39 - 255 32° 163 02 - 301 13 31 
40||205 35.8 56.8| 273 55.6|157 09 258 02 165 32 303 39 29 
50|/208 05.8 56.9|276 26.0|159 39 260 32 168 03 306 05 28 
02 00/210 35.8 N21 56.9|278 56.4|162 09 N23 45/263 03 N 5 30/170 33 N22 16/308 30S 6 26 
10/1213 05.8 57.0|281 26.8|164 39 265 33 173 03 310 56 24 
20/215 35.8 57.1|283 57.2|167 09 268 03 175 34 313 22 23 
30|/218 05.8 57.1| 286 27.6/169 39 - 270 34 - 178 04 - 315 47 21 
40||220 35.8 57.2|288 58.0/172 09 273 04 180 34 318 13 19 
50||223 05.7 57.2|291 28.5|174 39 275 34 183 05 320 39 17 
03 00/225 35.7 N21 57.3|293 58.9|177 09 N23 44/278 05 N 5 30/185 35 N22 16/323 05S 616 
10/228 05.7 57.3|296 29.3|179 38 280 35 188 05 325 30 14 
20/230 35.7 57.4| 298 59.7|182 08 283 05 190 36 327 56 12 
30/233 05.7 57.5|301 30.1|184 38 - 285 36 - 193 06 - 330 22 10 
40||235 35.7 57.5|304 00.5|187 08 288 06 195 37 332 48 09 
50||238 05.6 57.6| 306 30.9/189 38 290 36 198 07 335 13 07 
04 00/240 35.6 N21 57.61309 01.3/192 08 N23 44/293 07 N 5 30/200 37 N22 15|337 39S 6 05 
10|/243 05.6 57.7|311 31.7/194 38 295 37 203 08 340 05 04 
20|/245 35.6 57.8] 314 02.2|197 08 298 07 205 38 342 31 02 
30||248 05.6 57.8|316 32.6|/199 38 - 300 38 - 208 08 - 34456 600 
40/250 35.6 57.9|319 03.0] 202 08 303 08 210 39 347 22 558 
50||253 05.6 57.9|321 33.4|204 38 305 38 213 09 349 48 57 
05 00|/255 35.5 N21 58.0|324 03.8|/207 08 N23 43|308 09 N 5 31/215 39 N22 15/352 14S 555 
10/258 05.5 58.0|326 34.2|209 38 310 39 218 10 354 39 53 
20/260 35.5 58.1|329 04.6|212 08 313 09 220 40 357 05 51 
30//263 05.5 58.2|331 35.0/214 38 - 315 40 - 223 10 - 359 31 50 
40||265 35.5 58.2|334 05.4|217 08 318 10 225 41 157 48 
50|/268 05.5 58.3|336 35.9|219 37 320 40 228 11 4 22 46 
06 00/270 35.5 N21 58.3|339 06.3|222 07 N23 43/323 11 N 5 31/230 42N2215| 648S 5 44 
10||273 05.4 58.4|341 36.7|/224 37 325 41 233 12 914 43 
201/275 35.4 58.5|344 07.1|227 07 328 11 235 42 11 40 41 
30||278 05.4 58.5|346 37.5|229 37 - 330 42 - 238 13 - 14 05 39 
40||/280 35.4 58.6|349 07.9|232 07 33312 240 43 16 31 38 
50|/283 05.4 58.6|351 38.3|234 37 335 42 243 13 18 57 36 
07 00|/285 35.4 N21 58.7|354 08.7|237 07 N23 42/338 13 N 5 31/245 44 N22 15| 2123S 5 34 
10|/288 05.3 58.7|356 39.1/239 37 340 43 248 14 23 49 32 
20//290 35.3 58.8| 359 09.5|242 07 343 13 250 44 26 14 31 
30|/293 05.3 58.9| 1 40.0|244 37 - 345 44 - 25315: 28 40 29 
40||295 35.3 58.9| 4 10.4/247 07 348 14 255 45 31 06 27 
50/298 05.3 59.0| 6 40.8/249 37 350 44 258 16 33 32 25 
08 00/)300 35.3.N21 59.0] 9 11.2|252 07 N23 42|/353 15 N 5 31/260 46 N22 15| 3557S 5 24 
10//303 05.3 59.1| 11 41.6|254 37 355 45 263 16 38 23 22 
20]/305 35.2 59.1] 14 12.0|257 07 358 16 265 47 40 49 20 
30]/308 05.2 59.2| 16 42.4|259 37 - 046 - 268 17 - 43 15 18 
40]|310 35.2 59.3} 19 12.8/262 06 316 270 47 45 40 17 
50|/313 05.2 59.3| 21 43.2|264 36 5 47 273 18 48 06 15 
09 00/315 35.2 N21 59.4) 24 13.7|267 06 N23 41} 817N 5 31/275 48 N22 15| 5032S 5 13 
10|/318 05.2 59.4] 26 44.1|269 36 10 47 278 18 52 58 ll 
20||/320 35.1 59.5| 29 14.5|272 06 1318 280 49 55 23 10 
30|/323 05.1 59.6| 31 44.91274 36 - 15 48 - 283 19 - 57 49 08 
40||325 35.1 59.6| 34 15.3|277 06 18 18 285 49 60 15 06 
50|/328 05.1 59.7| 36 45.7|279 36 20 49 288 20 62 41 04 
10 00}/330 35.1 N21 59.7| 39 16.1]/282 06 N23 40} 23 19N 5 31/290 50 N22 15| 6507S 5 03 
10|/333 05.1 59.8| 41 46.5|284 36 25 49 293 21 67 32 501 
20/1335 35.1 59.8| 44 16.9|287 06 28 20 295 51 6958 459 
30/1338 05.0 2159.9} 46 47.4/289 36 - . 3050 - 298 21 - 72 24 57 
40||340 35.0 22 00.0] 49 17.8/292 06 33 20 300 52 74 50 56 
50/1343 05.0 00.0] 51 48.2/294 36 35 51 303 22 77:15 54 
11 00//345 35.0 N22 00.1] 54 18.6]297 06 N23 40| 38 21 N 5 32/305 52 N22 15| 79 41S 452 
10||348 05.0 00.1] 56 49.0/299 36 40 51 308 23 82 07 50 
20|/350 35.0 00.2| 59 19.4]302 06 43 22 310 53 84 33 48 
30|/353 04.9 00.2] 61 49.8|304 35 - 45 52 - 313 23 - 86 59 47| Sun SD 15/8 
40|/355 34.9 00.3| 64 20.2307 05 48 22 315 54 895245 245 li gee. ; 
50/358 04.9 00.4| 66 50.6|309 35 50 53 318 24 91 50 43| Moon SD 15’ 
Rate 1459.9 NO 00.3 14 59.6 S0 00.5 | 1502.0 NO 00.2 | 1502.2 0 00.0 | 14 34.5 NO 10.4 Age 21d 


APPENDIX G: EXTRACTS FROM AIR ALMANAC 1201 


(DAY 152) GREENWICH P. M. 1975 JUNE 1 (SUNDAY) 


ee 
7 
GMT © SUN ARIES | VENUS—3.8 | JUPITER-1.7 | SATURN 0.4 | @® MOON |,,, | Moon: | pig 
nat sls Teal Su i GHA Dec. | GHA Dec. | GHA Dec. | GHA Dec, il set | Diff. 
12 00|| 0 34.9N22 00.4) 69 21.0/312 05 N23 39] 53 23 N 5 32/320 55N2215| 94165 441| 
10]; 3049 00.5] 71 515/314 35 55 53 323 2 ere al!) od 
Soild terse 5 9642 40 
9 00.5] 74 21.9|317 05 58 24 325 55 S076 akag | (1 t0rae |inet 
30]| 8048 - 00.6| 76523/31935- - | 6054. - te 70|10 45| 48 
328 26 101 33 + 36 
40|| 10 34.8 00.6] 79 22.7|322 05 63 24 330 56 103 59 34} 68)10 51) 45 
50|| 13048  —00.7| 81 53.1324 35 65 55 333 26 166;258 8433 | CO e036) 52 
13 00|| 15 34.8 N22 00.8| 84 235/327 05 N23 39| 68 25N 5 32/335 57 N22 15/108 51S 431le>|/11 04/49 
10|/ 1804.8 00.8] 86 53.9|329 35 70 55 338 27 LIL 16. '0.829 
20|| 20348 00.9| 89 243/332 05 73 26 340 57 ivsraoe a eo7 | COE Oh ey 
30] 2304.8 - 00.9) 9154.7/33435- - | 7556- + |34328- - |11608 - 26/58/1110) 36 
40|| 25347 01.0] 94 25.2/337 05 78 26 345 58 DIGS4 $1 1.824 [20 (thee dee 
50|| 2804.7 —01.1| 96 55.6|339 35 80 57 348 28 1POVE9S| 022/20 h Ta es 
52|11 16 
14 00) 30 34.7 N22 01.1) 99 26.0/342 05 N23 38) 83 27N 5 32/350 59 N22 15|123 25S 4 20 i 
10|| 33047 —01.2/101 56.4|344 35 85 57 353 29 12sesim peatg | OT eTe eee 
20|| 35347  01.2/104 26.8/347 04 88 28 356 00 P2170 MIT |p tee e ieee 
30|| 3804.7 - 01.3/106 57.2|349 34 - : 9058: -: 1358 30- 5 EY) fey oe PG | le Aes) ead 
40|| 40 34.6 01.3|109 27.6|352 04 93 28 1 00 13308 13|32>|11 28) 27 
50|| 43 04.6 —01.4/111 58.0/354 34 95 59 331 yssrsas pete 2 ofae ete 
15 00|| 45 34.6 N22 01.5|114 28.4|357 04 N23 38) 98 29N 5 32 01 20/1135) 24 
10|| 48.046  —01.5|116 58.8|359 34 100 59 831 ae et 140 26 in og|20|11 39] 23 
20|| 5034.6  01.6)119 29.3| 2 04 103 30 11 02 LASS AROG| Cute Ae nee 
30)| *53004.6 901.6} 121597) ©4534 58 © ° 110600 =) =| 1332¢ -«/ i145 17° = 204] 20) 1246) 20 
40|| 5534.6  01.7|124 30.1| 7 04 108 30 16 02 aT age 149324 2E 92s 
50|| 58045 01.7/127005| 9 34 111 01 18 33 15009 4 01/30/11 53| 16 
16 00|| 60 34.5 N22 01.8/129 30.9} 12 04. N23 37/113 31 N 5 33| 21 03 N22 15/152 35S 359|32)|21 56) 15 
10|/ 63045 01.9/132 01.3) 14 34 116 01 23 34 B55 008 (PEST (cota rat mee 
20|/ 65345  01.9/134 31.7| 17 04 118 32 26 04 15726 © 56 
30|| 6804.5 - 02.0/137021| 1934- - |12102- - | 2834- ~- 115952 + 54 
40|| 7034.5 — 02.0|139 32.5| 22 04 123 32 31 05 16218 52 
50] 7304.4  02.1|142 03.0| 24 34 126 03 33 35 16444 50 
17 00|| 75 34.4 N22 02.1|144 33.4| 27 04 N23 37/128 33N 5 33| 36 05N22 15|167 09S 3 49 
10|| 78044 02.2|147 03.8| 29 33 131 03 38 36 16935 47 
20|/ 80344 02.3/149 34.2| 32 03 133 34 41 06 17201 45 
30|| 8304.4 - 023/152 04.6) 3433- - |13604- + | 4336- + (17427 - 43 
40|| 8534.4 02.4/154 35.0| 37 03 138 34 46 07 1765341 
50] 88043  02.4|157 05.4| 39 33 141 05 48 37 17918 40 
18 00|| 90 34.3 N22 02.5/159 35.8| 42 03 N23 36/143 35N 5 33| 51 08 N22 15/181 44S 3 38 
10|| 93043 02.5/162 06.2| 44 33 146 05 53 38 18410 36 
20]| 95343  02.6|164 36.7| 47 03 148 36 56 08 18636 06-34 
30|| 98 04.3 - 026/167071| 4933- ~- |15106- - | 5839- + |18902 - 33 
40||100 343 —02.7/169 37.5] 52 03 153 36 61 09 19127 31 
50/103 043  02.8|172 07.9| 54 33 156 07 63 39 19353 29 
19 00||105 34.2 N22 02.8|174 38.3| 57 03 N23 36/158 37 N 5 33| 66 10 N22 15|196 19S 3 27 
10||108 042 02.9|177 08.7} 59 33 161 07 68 40 19845 25 
20/|110 34.2 —02.9|179 39.1| 62 03 163 38 71 10 20111 24 
30/1113 04.2 - 03.0|18209.5| 6433- - |16608- - | 7341- ~- |20336 - 22 
40/|115 34.2 03.0184 39.9| 67 03 168 38 76 11 20602 20 
50|/118.04.2 03.1|187 10.3] 69 33 171 09 78 41 20828 8©=.18 
20 00//120 34.1 N22 03.2/189 40.8] 72 03 N23 35/173 39 N 5 33/ 8112 N22 15/210 54S 3 17 
10|/123 041  03.2|192 11.2] 74 32 176 09 B3 42 21320 15 
20|/125 341  03.3|194 41.6| 77 02 178 40 86 13 21545 13 
30/1128 041 - 033/19712.0| 7932- - |18110- ~- | 8843- ~ {21811 - 11 
40|]130 34.1  —03.4/199 42.4] 82 02 183 41 91 13 22037 © 09 
50||133 04.1  03.4/202 12.8| 84 32 186 11 93 44 22303 08 
21 00||135 34.0 N22 03.5|204 43.2| 87 02 N23 35/188 41 N 5 33| 96 14.N22 15/225 29S 3 06 
10|/138 04.0 03.6/207 13.6| 89 32 191 12 98 44 22754 04 
20/|140 34.0 03.6209 44.0| 92 02 193 42 101 15 23020 02 
30/1143 040 - 03.7/212145| 9432- - |19612- + {10345- ~ [23246 301 
40||145 34.0 —03.7|214 44.9| 97 02 198 43 106 15 23512 259 
50||148 04.0 03.8/217 15.3| 99 32 201 13 108 46 23738 © 57 
a/219 45.7/102 02 N23 34/203 43 N 5 34/111 16 N22 15/240 03 S 255 
3 0 153 033 3 ft03.9 $29 16.1|104 32 206 14 113 46 24229 53 
20/|155 33.9  03.9|224 465/107 02 208 44 -|116 17 24455 52 
30ll158 039 - 0401227 169/109 32- - |21114- - |11847- - [24721 - 50 
40||160 33.9 04.1|229 47.3|112 02 213 45 121 18 24947 48 
50/163 03.9 04.1|232 17.7/114 31 216 15 123 48 25212 46 
23 00||165 33.9 N22 04.2234 48.2|117 01 N23 34/218 45.N 5 34/126 18 N22 15/254 38S 2 45 
10|/168 03.8  04.2/237 18.6]119 31 221 16 128 49 25704 43 
20||170 33.8 04.3239 49.0/122 01 223 46 131 19 25930 8641 
Solhizainaee-100491242:49.4| 120031 22 Pe l226016 2% )*)) 139-49 “8 #012656 959 |isunbsp.ti57e 
127 01 228 47 136 20 264.20 (+437 3 
40175 33.8 04.4244 49.8 36 |/MaontSD.A15 
50/178 03.8 04.5/247 20.2|129 31 23117 138 50 266 47 i 
Rate 1459.9 NO 00.3 ine 14 59.7 SO 00.5 15 02.0 NO 00.2 15 02.2 000.0 | 14 34.8 NO 10.6 Age 21 


1202 


APPENDIX G: EXTRACTS FROM AIR ALMANAC 


(DAY 153) GREENWICH A. M. 1975 JUNE 2 (MONDAY) 


GMT © SUN ARIES | VENUS—3.8 | JUPITER-1.7 | SATURN 0.4 | @ MOON Diff. 
GHA Dec. GHA GHA Dec. GHA Dec. GHA Dec. | GHA Dec 
h m ° , ° , ° , ° , ° (d ° , ° (; ° i] ° , ° , ° 
00 00|/180 33.8 N22 04.5] 249 50.6/132 01 N23 33/233 47 N 5 34/141 20 N22 15|269 13S 2 34 n- 
10]|183 03.7 04.6|252 21.0|134 31 236 18 143 51 271 39 32 
20/185 33.7 04.6|254 51.4|137 01 238 48 146 21 274 05 30 
30//188 03.7 04.7| 257 21.8/139 31 - 241 18 - 148 52 - 276 31 29 
40||190 33.7 04.7|259 52.3/142 01 243 49 151 22 278 56 27 
50|/193 03.7 04.8| 262 22.7/144 31 246 19 153 52 281 22 25 ne 
01 00//195 33.7 N22 04.8264 53.1/147 01 N23 33/248 49 N 5 34/156 23 N22 15/283 48S 2 23 04 
10|/198 03.7 04.9/267 23.5/149 31 251 20 158 53 286 14 21 RE 
20//200 33.6 05.0/269 53.9152 O01 253 50 161 23 288 40 20 a 
30||203 03.6 05.0/272 24.3/154 31 - 256 20 - 163 54 - 291 05 18 ap 
40/|205 33.6 05.1) 274 54.7/157 01 258 51 166 24 293 31 16 ne 
50/|208 03.6 05.1|277 25.1/159 30 261 21 168 54 295 57 14 6 
02 00|/210 33.6 N22 05.2|279 55.5|162 00 N23 32/263 51 N 5 34]171 25 N22 15|298 23S 2 12 - 
10|/213 03.6 05.2|282 26.0/164 30 266 22 173 55 300 49 11 + 
20/1215 33.5 05.3| 284 56.4|167 00 268 52 176 26 303 14 09 2 
30//218 03.5 05.4| 287 26.8/169 30 - 271 22 - 178 56 - 305 40 07 ie 
40/|220 33.5 05.4] 289 57.2|172 00 273 53 181 26 308 06 05 ie 
50|/223 03.5 05.5|292 27.6|174 30 276 23 183 57 310 32 03 
03 00|/225 33.5 N22 05.5/294 58.0/177 00 N23 32/278 53 N 5 34/186 27 N22 15|312 58S 2 02 a 
101/228 03.5 05.6| 297 28.41179 30 281 24 188 57 31523 200 4 
2011230 33.4 05.6299 58.8|/182 00 283 54 191 28 31749 158 5 
30||233 03.4 05.7| 302 29.2/184 30 286 24 - 193 58 - 320 15 56 AA 
40||235 33.4 05.7| 304 59.7|187 00 288 55 196 28 322 41 55 
50/1238 03.4 05.8| 307 30.1/189 30 291 25 198 59 325 07 53 26 
04 00|/240 33.4 N22 05.9|/310 00.5|192 00 N23 31/293 55 N 5 35/201 29 N22 15/327 33S 151 54 
101/243 03.4 05.9| 312 30.9/194 30 296 26 203 59 329 58 49 44 
201/245 33.4 06.0/315 01.3|197 00 298 56 206 30 332 24 47 4 
301/248 03.3 06.0/317 31.7/199 30 - 301 26 - 209 00 - 334 50 46 
40||250 33.3 06.1/320 02.1|202 00 303 57 211 31 337 16 44 33 
50|/253 03.3 06.1| 322 32.5|204 29 306 27 214 01 339 42 42 34 
05 00|/255 33.3 N22 06.2|325 02.9/206 59 N23 31/308 57 N 5 35|216 31 N22 15/342 07S 1 40 35 
10||258 03.3  06.2| 327 33.3|209 29 311 28 219 02 34433 38 36 
20//260 33.3 06.3| 330 03.8/211 59 313 58 221 32 346 59 37 37 
30||263 03.2 06.4| 332 34.2/214 29 - 316 28 - 224 02 - 349 25 35 
40||265 33.2 06.4/335 04.6|216 59 318 59 226 33 351 51 33 
5011268 03.2 06.5| 337 35.0/219 29 321 29 229 03 354 16 31 
06 00|/270 33.2 N22 06.5|340 05.4] 221 59 N23 30/323 59 N 5 35|231 33 N22 15|356 42S 1 30 
1011273 03.2 06.6/342 35.8|224 29 326 30 234 04 359 08 28 = 
20||275 33.2 06.6345 06.2|226 59 329 00 236 34 134 26 é 
30|/278 03.1 06.7/347 36.6|229 29 - 331 30 - 239 05 - 400 24 
40||280 33.1 06.7|350 07.0/231 59 334 01 241 35 6 25 22 i 
50|/283 03.1 06.8| 352 37.5|/234 29 336 31 244 05 851 21 a 
07 00//285 33.1 N22 06.9|355 07.9|236 59 N23 29|339 01N 5 35/246 36 N22 15| 1117S 119 28 
10//288 03.1 06.9| 357 38.3/239 29 341 32 249 06 13 43 17 27 
20|/290 33.1 07.0| 0 087/241 59 344 02 251 36 16 09 15 
30||293 03.0 - 07.0] 239.1/244 29 - 346 32 - 254 07 - 18 35 13 26 
40||295 33.0 07.1} 5 09.5|246 59 349 03 256 37 21 00 12 25 
50|/298 03.0 07.1} 7 39.9|249 28 351 33 259 07 2a126 10 24 
08 00|/300 33.0 N22 07.2] 10 10.3|251 58 N23 29|354 04.N 5 35|261 38 N22 15| 2552S 108 ce 
10||303 03.0 07.2) 12 40.7/254 28 356 34 264 08 2818 06 22 
20]/305 33.0 07.3| 15 11.1|256 58 359 04 266 38 30 44 04 21 
301/308 02.9 07.4] 17 41.6|259 28 - 135° 269 09 - 33 09 03 20 
40]/310 32.9 07.4| 20 12.0/261 58 405 271 39 3535 101 19 
50|/313 02.9 07.5| 22 42.4/264 28 6 35 274 10 3801 059 18 
09 00]/315 32.9 N22 07.5] 25 12.8|266 58 N23 28| 906N 5 35/276 40 N22 15| 40 27S 057 17 
10|/318 02.9 07.6| 27 43.2/269 28 11 36 279 10 42 53 55 16 
201/320 32.9 07.6| 30 13.6/271 58 14 06 281 41 45 19 54 15 
30/1323 02.9 07.7| 32 44.0/274 28 - 16 37 - 284 11 - 47 44 52 14 
40||325 32.8 07.7} 35 14.4|276 58 19 07 286 41 50 10 50 13 
50//328 02.8 07.8| 37 44.8|279 28 21 37 289 12 52 36 48 12 
10 00|/330 32.8 N22 07.9| 40 15.3/281 58 N23 28| 24 08N 5 36/291 42 N22 15| 5502S 0 47 val 
10|/333 02.8 07.9| 42 45.7|/284 28 26 38 294 12 57 28 45 10 
201/335 32.8 08.0] 45 16.1/286 58 29 08 296 43 59 53 43 
30|/338 02.8 08.0) 47 46.5|289 28 - 3139 - 299 13 - 62 19 41 
40||340 32.7 08.1} 50 16.9|291 57 34 09 301 43 64 45 39 
5011343 02.7 08.1) 52 47.3|}294 27 36 39 304 14 67 11 38 
11 00/1345 32.7 N22 08.2| 55 17.7/296 57 N23 27| 39 10 N 5 36/306 44 N22 15| 6937S 0 36 
101/348 02.7 08.2) 57 48.1/299 27 41 40 309 15 72 03 34 
20/1350 32.7 08.3/ 60 18.5|301 57 44 10 311 45 74 28 32 
30/1353 02.7 08.3| 62 49.0/304 27 - 46 41 - 31415 - 76 54 301 sun s j 
40/1355 32.6 08.4| 65 19.4|306 57 49 11 316 46 79 20 59 Freese aS 
501/358 02.6 08.5| 67 49.8|309 27 51 41 319 16 81 46 27| Moon SD 15’ 
Rate 1459.9 NO 00.3 14 59.7 $0 00.5 | 15 02.0 NO 00.2 | 1502.2 000.0 | 14 34.9 NO 10.8 Age 22d 


APPENDIX G: EXTRACTS FROM AIR ALMANAC 


(DAY 153) GREENWICH P. M. 1975 JUNE 2 (MONDAY) 


1203 


GMT © SUN ARIES | VENUS-3.8 | JUPITER-1.7 | SATURN 0.4| @ MOON tat.| Moon | pice 
GHA Dec. | GHA YT | GHA Dec. | GHA Dec. | GHA _ Dec. | GHA _ Dec. ieee 
h m ° , ° , ° ’ ° , ° ’ ° U ° , ° , ° , ° , ° y 
12 .00)] 0 32.6 N22 08.5| 70 20.2/311 57 N23 27| 5412N 5 36/321 46N22 14| 84125 025| N 
10|/ 302.6 08.6| 72 506/314 27 56 42 324 17 Barz pe oawict) my om 
20|| 5326 08.6] 75 21.0/316 57 59 12 326 47 Lacey fa Me fa 
30]| 8026 - 08.7| 7751.4|319 27 - 61 43 - 329 17 - 9129 - 20/70/1219] 47 
40|| 1032.5 08.7) 80 21.8/321 57 64 13 331 48 9355 19) 68)12 19). 44 
50]/ 13025 08.8] 82 52.2/324 27 66 43 334 18 a BAB er 
13 00|| 15 32.5 N22 08.8| 85 22.6/326 57 N23 26| 69 14N 5 36|336 49 N22 14| 98.475 014162112 20| 38 
10]| 1802.5  08.9| 87 53.1|329 27 7144 339 19 10112. 12 
20|| 20325 08.9] 90 23.5|331 57 7414 341 49 203. Sanne OG evel) Boy 
30|| 2302.5 - 09.0] 92 53.9|334 27 - 76 45 - 344 20 - 106 04-1 .09| 28) 22021) 36 
40|| 25324 09.1] 95 243/336 56 79:15 346 50 26830 | a7 29||2221) 3a 
50|| 2802.4 09.1) 97 54.7/339 26 81 45 349 20 11056 = 05 2 ae) a 
14 00/| 30 32.4 N22 09.2/100 25.1/341 56 N23 26| 84 16N 5 36/351 51 N22 14/113 21S 003 
10/| 33.024 09.2|102 55.5| 344 26 86 46 354 21 LIS 47'S 0102) 20 | 22-22 ye 
20|| 35324  — 09.3/105 25.9|346 56 89 16 356 51 118. 33, 0,00) 93 | 42.22) 20 
30|| 38.024 + 09.3/107 56.3|349 26 - 91 47 - 359 22 - ELEC MO PN ECS 
40|| 40323 09.4/110 26.8|351 56 94 17 152 12305 04|39|1222) 27 
50|| 4302.3 09.4|112 57.2354 26 96 47 422 12530  06|20|12 23] 26 
15 00/| 45 32.3 N22 09.5|115 27.6|356 56 N23 25] 9918N 537] 653.22 14/127 56N 0 07| 20| 12 23) 24 
10|/ 4802.3  —09.5/117 58.0|/359 26 101 48 9 23 13022 © 09 oe 1s a 56 
20|/ 5032.3 09.6/120284| 156 104 18 1154 oo Cement cone 
30|| 53023 - 09.7/122588| 4 26- 106 49 - 14 24 - BISA 13 |oo lie sale 
40|| 55323 09.7/125 29.2| 6 56 109 19 16 54 1373915 
50|| 58022  09.8/12759.6| 9 26 111 49 19 25 14005 16/30/12 24| 16 
16 00|) 60 32.2 N22 09.8/130 30.0] 11 56 N23 25/114 20N 5 37] 2155. N22 14/142 31N 0 18|39/12 24) 14 
10|| 6302.2  09.9/133 00.5| 14 26 116 50 24 25 Lage s Be 267 10) 3 
20|| 6532.2 09.9/135 30.9| 16 56 119 20 26 56 1A7@@ 222) Pate? | 
30|| 68 02.2 - 10.0/138 013] 19 26 - 12151 - 29 26 - 14949 - 24 
40|| 7032.2  —-10.0/140 31.7| 21 56 124 21 31 56 15214 = 25|52/12 25| 09 
50|| 73021 10.1/143 02.1] 24 25 126 51 34 27 15440 = 27|54}12 25} 09 
17 00]) 75 32.1 N22 10.1/145 32.5] 26 55 N23 24/129 22.N 5 37| 36 57 N22 14|157 06N 0 29 a 
10]| 7802.1  10.2/148 02.9| 29 25 131 52 39 27 15932 31 oe 
20|| 8032.1  10.3|150 33.3] 3155 134 22 41 58 16158 33 
30|| 83021 - 10.3/153 03.7| 34 25 - 136 53 - 44 28 - 164 23 - 34 
40|| 85321  10.4/155 341| 36 55 139 23 46 59 16649 36 
50|| 8802.0  10.4|15804.6| 39 25 141 53 49 29 16915 38 
18 00] 90 32.0 N22 10.5|160 35.0/ 41 55 N23 24/144 24N 5 37| 5159 N22 14|171 41N 0 40 
10|| 9302.0 = 10.5/163 05.4| 44 25 146 54 54 30 17407 = 42 : 
20|| 9532.0  10.6/165 35.8| 46 55 149 24 57 00 17632043 é 
30|| 9802.0 - 10.6/168 06.2] 49 25 - 15155 - 59 30 - 17858 - 45 ‘ 
40/|100 32.0 —-10.7/170 36.6| 51 55 154 25 62 01 18124 47 
50/1103 019  —-10.7/173 07.0] 54 25 156 55 64 31 18350 49 9 
19 00]/105 31.9 N22 10.8|175 37.4| 56 55 N23 23/159 26N 5 37| 67 02 N22 14/186 16N 051 28 
10||108 01.9  10.9/178 07.8] 59 25 161 56 69 32 18842 52 a 
20||110 31.9  —-10.9/180 38.3| 61 55 164 26 72 02 19107 54 oe 
30/|113 01.9 - 11.0/183 08.7] 64 25 - 166 57 - 74 33 - 193 33 - 56 
40/|115 31.9 —«:11.0/185 39.1| 66 55 169 27 77 03 19559 058 ° 
50||118 018  11.1|188 09.5| 69 24 17157 79 33 198 25 100 o 
8 1/190 39.9] 71 54.N23 22/174 28N 5 37| 82 04N22 14/200 51N 1 01 
2 10 133 O18 M2 Ta |193 103) 74 24 176 58 84 34 20316 03 ae 
20/|125 318 © 11.2/195 40.7| 76 54 179 28 87 04 20542 05 a 
30|]128 O18 - 11.3/19811.1| 79 24 - 181 59 - 89 35 - 208 08 - O07 
40||130 31.8 —-11.3|200 41.5| 81 54 184 29 92 05 21034 09 19 
50||133 01.7  11.4/203 12.0] 84 24 186 59 94 35 21300 10 18 
21 00//135 31.7 N22 11.4/205 42.4) 86 54 N23 22|189 30 N 538] 97 06 N22 14/215 25 N 112 i 
10//138 017 11.5|208 12.8) 89 24 Lhe pee ey at le is 
ollias ol? - I1e|213 136| 94 24 197 01 - 104 37 - 222 43 - 18 14 
30/143 01.7 6 
40|}145 31.7 11.7|215 44.0] 96 54 oS a ae a aa iy " . 
50/1148 016 11.7/218 14.4] 99 24 20 a ee fe 
22 00|/150 31.6 N22 11.8/220 44.8/ 101 54 N23 21]204 32 N 5 38/112 08 N22 14/230 00N 1 23 . 
10/153 01.6 11.8223 15.2/104 24 Boree ae ee ee 
20//155 31.6  11.9/225 45.6 aa ee eee aa Laos 
30||158 01.6 11.9/228 16.1/109 24 - on # ee Sao Aa 30 
40||160 31.6  12.0/230 465/111 54 204.38 12288 ee ead ach 
50)|163 01.5  12.0|233 16.9/114 23 21 5 Ps Be eta 
23 00/165 31.5 N22 12.1)235 473/126 $3N23 20/79 Og [uz94o (247 0135 
10||168 01.5 a 24927 37 
2olii70 315 | 12.2/240481/121 53 [eros - lisea- [25153 - 33) sun sb 15%8 
418 41 
40/1175 31.5 12.3/245 ge 126 S 53 + ae or Aa tolnas| Moon 15% 
50||178 01.4  12.4|248 19. ane 
E 02.2 000.0 14 34.9 NO 10.8 Age 
Rate 14 59.9 14 59.7 SO 00.6 15 02.0 NO 00.2 | 15 
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APPENDIX G: EXTRACTS FROM AIR ALMANAC 


4 INTERPOLATION OF STAR INDEX, MAY—AUG., 1975 
MOONRISE, MOONSET No. Name Mag. |S.H.A.| Dec. 
FOR LONGITUDE ° F * ° es 
* | Alpheratz 2.2 | 3581 . 28 

Add if longitude west : mE f 2.4 |353 441 S. 42 26 
Subtract if longitude east aKING hele 2.5 |35013|N. 56 24 
Longi- Dift.* 4* | Diphda t 2-2 | 349 24] S. 18 07 
Z 2 = ra Et a | 8* | Hamal + | 2-2 | 328 33] N. 23 21 
rf 00 00 00 00 00 00 | 7*| Acamar 3-1 | 31540] S. 40 24 
20 01 01 02 02 03 03 8* | Menkar t 2-8 314 45|N. 400 
40 01 02 03 04 06 07 9* | Mirfak 1-9 | 309 21| N. 49 46 
60 02 03 05 07 08 10 | 10* | Aldebaran 1-1 | 291 22 | N. 16 28 
80 02 04 07 09 11 13 | 11* | Rigel t 0-3 | 28140) S. 814 
12* | Capella 0.2 | 281 17|N. 45 58 
100 03 06 08 11 14 17 113 | Bellatriz t | 1-7 | 27903|N. 6 20 
120 | 03 | 07 10 13 17 20 114 | Elnath t+ | 1-8 | 278 49 | N. 28 35 
140 04 08 12 16 19 23 115 | Alnilam +" *g*.1'976 16 |S. 113 
ee . - es ra ae 16* | Betelgeuse + |0-1-1-2| 271 32| N. 7 24 
- 17* | Canopus —0-9 | 26409} S. 52 41 
Longi- Diff.* 18* | Sirius t+ |-1-6 | 25859| S. 16 41 
tude | 35 40 45 50 55 60 |19 | Adhara t | 1-6 | 25535] S. 28 56 
° in in a A a m_ | 20* | Procyon TT 0-5 | 24530|N. 517 
0 00 00 00 00 00 00 | 21* | Pollux t | 1-2 | 244 03 | N. 28 05 
15 03 03 04 04 05 05 | 22 | Avior 1-7 | 234 30] S. 59 26 
30 06 07 08 08 09 10 | 23* | Suhail 2.2 | 223 14] S. 43 20 
45 09 10 11 12 14 15 | 24* | Miaplacidus 1-8 | 221 46] S. 69 37 
ee 65 is ie o Ag 99 | 25* | Alphard {ieee 2s 1, 218ee4 LaSea Ss 3 
15 15 17 19 21 23 25 26* Regulus il 1-3 208 14 | N. 12 05 
90 18 20 22 25 28 30 27* | Dubhe 2-0 194 27) N. 61 53 
105 20 23 26 29 32 35 28* | Denebola if 2-2 183 03 | N. 14 43 
120 23 27 30 33 37 40 29* | Gienah t 2-8 176 22 | S. 17 25 
30* | Acruz 1-1 | 173 41] S. 6258 
SS ee Or Oe oe Rie So ae SUT 40% lata Gacruc 1.6 | 17233| 8. 5659 
OOD ei ee eee Sone ae | tO bal BOO 8 398 | A reotk 1:7 | 166 46 | N. 56 06 
165 | 32 | 37 | 41 7 46 | 50 | 155 | 39x | Spica t | 1-2 | 15901] 8.1102 
180 Wie 855 SON SoBe 50 85 60 Sarikei 1-9 | 153 21 | N. 49 26 
Longi- Diff.* 35 | Hadar 0-9 | 149 28] S. 60 16 
tude | 65 | 70 | 75 | 80 | 85 | 90 |36 | Menkent 2:3 | 148 41| S. 3615 
° — = a ~ y m_ | 37* | Arcturus t | 0-2 | 14622] N. 1919 
0 00 00 00 00 00 00 | 38* | Rigil Kentaurus 0-1 140 30) S. 60 44 
10 04 04 04 04 05 05 |39 | Zubenelgenubi + | 2-9 | 13737] S. 1557 
20 07 08 08 09 09 10 | 40* | Kochab 2-2 | 13718] N. 7416 
30 11 12 12 13 14 15 | 41* | Alphecca t | 2:3 | 12635] N. 2648 
40 14 16 17 18 19 20 | 42* | Antares Vi tee | BPO || SB RR 
a) 18 19 ot Bo 24 25 | 43 | Atria 1-9 | 108 28] S. 68 59 
ye 22 23 25 27 28 39 | 44 | Sabik t| 2-6 | 10245] S. 1542 
70 25 27 29 31 33 35 | 45* | Shaula 1-7 | 9700] S. 3705 
80 29 31 33 36 38 40 | 46* | Rasalhague t| 2-1 | 9633] N. 1235 
90 32 35 38 40 42 45 | 47 | Eltanin 2-4 90 59 | N. 51 30 
48 | Kaus Australis 2-0 84 21] S. 34 24 
100 36 39 42 44 47 50 49* | Vega 0-1 80 58 | N. 38 46 
110 40 43 46 49 52 55 | s0*| Nunki +! 21 | 7633/ §. 2620 
ie yt a a fs H e 51* | Altair t| 09 | 6236|N. 848 
5 | 52* | Peacock 2:1 | 5403] 8.5649 

140 51 54 58 62 66 70 ; 
53* | Deneb 1-3 | 4951|N. 45 12 
150 54 58 62 67 71 75 | 54* | Enif fi) 2:5 3415|N. 9 46 
160 58 62 67 71 76 so | 55 | Al Nair 222 28 19 | S. 47 05 
170 61 66 7 76 80 85 | 56* | Fomalhaut t| 1:3 | 1555] S. 29 45 
180 65 70 75 80 85 90 |57 | Markab Tio 26.5 || a4 OZ NES 704 


*When negative subtract correction if longitude 
west, and add if east. 


*Stars used in H.O. 249 (A.P. 3270) Vol. 1 


{Stars that may be used with Vols. 2 and 3 


APPENDIX G: EXTRACTS FROM AIR ALMANAC 1205 
SUNRISE 
Lat. Dec. January February 
30 2 5 8 EN a AP eS eins 4 7 10 eae 
2 eo eho Bhim gam aheim Phew ghem shem jhiem Bhoom ohom oh Been) os hh ° 
N a ‘x = = -= = = uae om mm 1204 II 03 IO 33 10 09 09 48 és 28 N 72 
pe = oo os = me 861205 ITIL 10 46 1025 1006 09 49 09 33 0917 09 02 70 
Es = itt 34 II 13 1056 1041 1027 1013 0959 09 46 09 33 09 20 09 08 08 55 08 42 68 
: Io 31 1027 I02I I0 14 1006 09 58 09 49 09 39 29 09 19 09 09 08 59 08 48 37 26 66 
a 09 51 09 49 09 45 09 4I 09 35 29 22 09 I5 0907 08 59 08 50 42 32 23 14 64 
2 24 22 20 09 16 09 12 09 07 09 02 08 56 08 49 43 35 27 19 Ir 08 03 62 
N 60 | 09 03 09 02 09 00 08 58 08 54 0850 08 46 08 40 08 35 08 29 08 22 0815 0808 o8 or 0753] N60 
58 | 08 46 08 45 08 44 2 6 Ay 
6 4 39 3} 32 27 22 17 Ir 0805 0759 07 52 45 58 
5 32 31 30 28 26 23 20 16 12 08 07 08 02 07 56 50 44 38 56 
54 19 19 18 17 15 12 09 08 06 08 02 0758 07 53 48 43 37 32 54 
52 | 08 08 08 08 0807 0806 0805 08 02 0800 0757 07 54 50 46 4l 36 31 26 52 
N50 | 07 58 07 58 07 58 0757 0756 0754 07 52 0749 07 46 07 42 07 39 97 35 07 30 0725 0721| N50 
45 38 ee 35 BSS Se SOME 0S a 132) MgOume eo 70g od 21 7, aS COOH an 45 
40 22 22 22 22 22 21 20 18 16 14 I2 0709 0706 07 03 0700 40 
35 | 97 07 07 08 07 08 07 08 07 08 07 08 0707 0706 0705 07 03 0701 0659 0657 0655 06 52 35 
30 | 06 55 0656 06 57 0657 0657 0657 0656 0656 0655 0654 06 52 51 49 47 45 30 
N 20 | 06 34 06 35 06 36 06 37 06 37 06 38 06 38 06 38 06 38 06 37 06 37 06 36 06 35 06 33 06 32| N20 
N ro | 06 16 zs 18 19 20 21 22 22 22 23 23 23 22 22 21| Nio 
© | 05 59 0600 0602 0603 0604 0605 0606 0607 0608 0609 0610 0610 06 10 Ob IL II ° 
S 10 41 05 43 05 44 05 46 05 48 05 49 05 51 05 52 05 54 05 55 05 56 05 57 05 58 0559 0600! S 10 
20 23 24 26 28 30 32 34 36 38 40 42 44 45 47 95 49 20 
S 30 | 05 Of 05 03 0505 0507 0510 0512 0515 0517 05 20 05 23 05 25 05 28 05 31 05 33 05 36] S 30 
35 | 04 48 04 50 04 52 0455 04 57 0500 05 03 0506 05 09 13 16 19 Ze 25 28 35 
40 33 35 38 41 44 04 47 04 50 04 54 04 57 05 OF 05 04 05 08 12 16 19 40 
45 | 04 15 04 18 04 21 24 27 31 35 39 43 04 47 04 5% 04 56 0500 0505 05 09 45 
50 | 03 53 03 56 03 59 04 03 04 07 II 15 20 25 30 35 40 04 46 04 51 04 56 50 
S 52 | 03 42 03 45 03 49 03 52 0357 04 OL 04 06 04 II 0417 04 22 04 28 04 33 04 39 04 45 04 50] S 52 
54 30 33 37 41 46 03 51 03 56 04 OF 04 07 13 19 25 31 38 44). 54 
56 | 03 16 19 23 28 33 38 44 03 50 03 57 04 03 04 10 16 89.23 XO 37 | BO 
58 | 02 59 03 03 03 08 0313 03 18 24 31 37 44 03 52 03 59 04 06 14 21 29 58 
S 60 | 02 39 02 44 02 49 02 54 03 00 0307 0315 03 22 03 30 03 38 03 46 03 54 04 03 04 11 04 19! S 60 
SUNSET 
Dec. anua Februa 
Lat. J ty es Lat. 
30 2 5 8 II 14 17 20 23 26 29 I 4 7 10 
Hees nim bee ae elves me sibeime  bieim) » hig-m» homa, hemes hemo he mas hemey h gmey heam oy by gm hm ° 
N 72 = = ss ena = = oma = mm 1225 1324 1355 1420 14 42 1502| N72 
70, = = = = = mm 861223 I3 II 13 39 14 OL 1421 14 39 1456 15 12 28 70 
68 -_ ms 1236 1300 1320 1337 1354 1409 1425 14 39 14 54 1508 15 21 35 15 48 68 
66 | 13 33 13 41 13 49 1359 1409 1420 14 32 14 43 1455 15 06 15 18 29 4I 15 52 1603 66 
64 | 14 13 14 19 1425 14 32 14 40 14 49 14 58 1507 1517 27 36 15 46 15 56 1606 16 64 
62 |14 40 14 45 1450 1457 1503 I5 10 15 18 26 35 43 15 52 1600 1609 18 27 62 
N 60 | 15 02 1506 15 10 15 16 15 22 15 28 15 35 15 42 15 49 15 57 1605 1612 1620 1628 16 36| N60 
58 19 22 27 32 37, 43 15 49 1555 1602 1609 15 23 30 By 44| 58 
56 33 37 41 45 1550 15 55 1601 1606 12 19 25 32 38 45 51 56 
54 46 15 49 15 53 1557 1601 16 06 II 16 22 28 34 40 40 52a 16 55 54 
52 | 1557 1600 16 03 1607 II 16 20 25 30 36 41 47 52 1658 17 03 52 
N50 | 1606 1609 1613 1616 16 20 1624 1629 1633 1638 1643 16 48 1653 1658 17 03 17 09 N50 
45 27 29 32 35 39 42 1646 1650 1654 1658 1703 1707 I711 16 20 45 
40 44 1646 1648 1651 1654 LO 57 070% 17,04 17 O8n 17 LL 15 18 22 25 29 40 
36 cl© Seed 7 OOp-87 O2p 37 C4017 07 1710 me TS pe lO, oe TQ oe 22 ceni25) 28 .- Buy Sty 37qe 35 
6 29 32 34 37 39 42 44 30 
30 | 17 10 12 14 16 19 2 24 2 
N20 | 17 31 17 32 17 34 1736 17 38 1740 1742 1744 1746 17 48 1750 1752 17 53 1755 1757 N20 
Niro /17 49 175° 1752 1754 1755 1757 17 58 1800 1801 1802 1804 1805 1806 1807 18 07 | N1o 
0 | 1806 1807 1809 1810 1811 1812 18 14 14 15 16 17 17 17 18 18 ° 
S 10 2 lie iho wi2oes ae oe iw ei Qi wi2we wt Oen IDE ORS ee 52am 1S Ma 7M yi 22m Esa FO 
20 | 18 42 18 43 18 44 18 45 18 45 18 46 18 46 1846 18 45 18 45 18 44 43 42 41 39 20 
1905 1905 19 06 1906 1905 1905 1904 19 03 1902 1900 1859 1857 1855 1852] S 30 
S 30 | 19 04 1905 1905 19 
35 17 17 18 18 18 i 16 15 14 12 10 1908 1905 19 03 19 00 35 
8 15 ie 09 40 
o 32 32 32 32 31 30 2928 20g 24— 2h t 
35 19 49 19 50 19 49 19 49 19 48 19 46 19 45 19 42 40 37 34 31 27 23 ue) 45 
50 | 2012 2012 2011 2010 20 08 2006 2004 2001 19 58 19 54 5° 46 4x 36 ot 50 
S 52 | 2022 2022 20 21 2020 2018 2016 2013 2009 20 06 2002 1957 19 53 19 48 19 42 19 37 S 52 
54 34 34 33 31 29 26 23 19 15 II 2006 2001 19 55 49 43 Bs 
6 21 15 09 20 03 19 57 50 5 
GalcoleSezor4 S20 40 sues seen 4ieee S8e 35e BE Sly ER2 
a 21 = 21 04 2102 2059 20 56 2052 20 48 43 38 32 26 19 13 2006 19 58 58 
Gi6oll 22512320 Zig zon Zt 14 621092104) 20 58 2052 2045 2038 2031 2023 2015 2007! S 60 
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APPENDIX G: EXTRACTS FROM AIR ALMANAC 


MORNING CIVIL TWILIGHT 


= Dec January February Lat. 
"| 30 2 5 8 II 14 17 20 23 26 29 I 4 7 10 

A h bh h h h h h h h m h m h m hm h m h m hm ° 

N 72 | 10 49 10 4t 10 32 10 at 10 10 09 58 09 46 09 33 09 21 09 08 08 55 08 41 08 28 0814 08 or | N72 
70 | 09 52 09 49 09 44 09 38 09 30 09 22 09 14 09 04 08 54 08 44 33 22 08 I1 0800 07 48 7o 
68 | 09 19 09 16 09 13 09 08 09 03 08 57 08 50 08 42 34 26 17 0807 07 58 07 48 37 68 
66 | 08 54 08 53 08 50 08 47 08 42 37 32 25 18 08 11 08 03 07 55 46 38 28 66 
64 35 34 32 29 26 21 17 O08 I1 08 05 0759 07 52 45 37 29 21 64 
62 i9 18 17 15 12 08 08 08 04 07 59 07 54 48 42 36 29 22 14 62 
N 60 | 08 06 0805 0804 0802 0800 0757 07 53 07 49 07 44 07 39 07 34 07 28 07 22 0715 07 08 | N 60 
58 | 07 54 07 54 07 53 97 51 07 49 47 44 40 36 31 26 21 15 09 07 03 58 
56 44 44 44 42 41 38 35 32 29 24 20 15 10 04 :~06 58 56 
54 3 Omer Sime 35 eS 4 ee 32 SOO, 5, 2 2 18 14 09 05 0700 54) 54 
52 27 28 27 26 25 23 21 18 15 12 08 04 0700 0655 50° 52 
N50 | 07 20 07 20 07 20 0719 0718 0717 0715 0713 0710 0707 0703 0700 0656 0651 06 47| N50 
45 | 07 04 0705 0705 0704 0704 07 03 07 01 0700 0658 0655 0652 06 49 46 43 39 45 
40 | 06 51 0652 0652 06 52 0652 0651 0650 06 49 47 45 43 41 38 35 32 40 
35 See OM PO a ia Fe HOR Re EE RG EP ERP Se ah EG 
30 29 30 30 31 31 31 31 30 29 28 27 26 24 22 20 30 
N20 | 06 10 0611 0612 0613 0614 0614 0614 0614 0614 0614 0613 0613 0612 0611 0610! N20 
N10 | 05 53 05 54 0555 0556 05 57 0558 0559 0600 0600 0601 0601 0601 0600 0600 0600! NiIo 
@) 36 38 39 40 42 43 44 95 45 05 46 05 47 05 48 05 48 05 49 05 49 05 49 ° 

S 10 | 05 18 20 22 23 25 27 28 30 31 33 34 35 36 38 38 | S ro 
20 | 04 58 05 00 05 02 0504 05 06 05 08 05 10 05 12 0514 0516 05 18 20 22 24 26 20 
S 30 | 04 33 04 35 04 38 04 40 04 43 04 45 04 48 04 51 04 54 04 56 04 59 05 02 0505 0508 05 10} S 30 
35 18 20 823 26 28 31 35 afeh in 44 48 04 51 0454 04 58 05 O1 35 
40 | 04 00 04 03 0405 0408 0412 04 15 04 19 22 26 30 34 38 42 46 04 50 40 
45 | 03 38 03 41 03 44 03 47 03 51 03 55 03 59 0404 04 08 04 13 04 18 22 27 32 37 45 
50 | 03 09 03 12 15 19 24 29 34 03 39 03 45 03 51 03 56 04 02 04 08 14 20 50 
S 52 | 02 54 02 57 03 OI 0305 03 10 0316 03 21 03 27 03 34 03 40 03 46 03 53 03 59 0406 0412] S 52 
54 36 40 02 44 02 49 02 55 03 OL 03 07 03 14 20 27 34 42 49 03 56 04 03 54 
56 | 02 14 0219 02 24 29 36 02 43 02 50 02 57 0305 03 13 21 29 37 45 03 53 56 
58 | 01 45 OI 50 OL 57 0204 0212 02 20 28 37 02 46 02 56 0305 0314 23 32 41 58 
S 60 !00 58 0107 of 16 Of 27 OF 38 OL 49 0200 02 12 02 23 02 34 02 45 02 56 03 06 0317 03 27] S 60 

EVENING CIVIL TWILIGHT 
Dec anua Februa 
Lat. yacusty = Lat. 
3o 2 5 8 II 14 17 20 23 26 29 I 4 5 bg) 

On) ah. mes hag Sho mes hemi h bm ebm bem hy mig eh? om a) ms iki om) eho em hem eho mi hem ° 
N72 | 13 16 13 26 13 39 13 52 1406 F420 1435 14 49 1504 15 18 15 33 15 47 1601 1615 1629| N 72 
7O | 1412 14 19 1427 14 36 14 45 1456 1507 15 18 30 15 42 15 54 1606 18 30 42 7o 
68 | 14 46 1451 1457 1505 15 13 15 21 30 40 I5 50 1600 1610 aM 31 42 16 53 68 
66 |I5 10 15 15 15 20 27 33 41 1549 15 57 1606 15 24 33 42 1652 17 01 66 
64 30, 34 «38 444 «15 50 15 57 1604 1611 TORNN2 7 35. 8 4S Ol 2a 200m OO) EO! 
62 45 1549 15 54 15 58 1604 1610 16 23, 30 37 45 1652 1700 08 16 62 
N 60 | 15 59 1602 1606 1611 1616 1621 1627 1633 1640 1646 1653 1700 1707 1714 17 21| N60 
58 | 16 10 13 17 21 26 31 36 42 48 1654 1700 07 13 20 26 58 
56 20 23 Gj 31 35 40 45 50 1656 17 01 07 13 19 25 31 56 
54 20S 2S Om nS OE 3 4 On 2g O57) 702 OS 13 1375 12466 P30Reee 35 54 
52 38 49 43 47 51 1655 1659 17 04 09 13 18 23 29 34 39 52 
N50 | 1645 1647 1650 1654 1657 I701 1705 1710 1714 1719 1723 1728 17 33 1738 1742| N50 
45 | 17 O01 17 03 1706 1709 17 12 15 19 23 26 30 34 38 42 46 50 45 
40 14 16 19 21 24 27 30 33 37 40 43 47 SOT e547) 5i/, 40 
35 20 2830 320 35 38 40 8430 400 401m 152587155 8171581818 CONT S 03 35 
go 36 38 «= 40:17 42 17 45 1747 17 49 1752 1754 1757 1759 18 02 18 04 07 0g 30 
N 20 | 17 55 1756 1758 1800 1802 1804 1806 1808 1809 1811 1813 1815 1816 1818 18 19| N20 
Niro | 18 12 1813 1815 16 18 19 21 22 23 25 26 27 28 28 29| Niro 
° CO oo Sete one Otuee 35) me S06 WS] S/n 30:35) a0 ES OMENS) ° 

S 10 | 18 47 18 48 18 49 18 50 1850 1851 1852 18 52 1852 18 52 1852 18 52 1851 1851 1850] S$ 10 
20 | 1907 19 08 19 08 1909 1909 19 10 1910 19 09 1909 19 08 1907 1906 1905 19 04 I9 02 20 
S 30 | 19 31 19 32 19 32 19 33 19 33 19 32 1931 1931 2929 1928 19 26 19 24 19 22 19 20 1918] S$ 30 
35 |19 46 1947 1947 19 47 19 47 19 46 19 45 43 42 40 38 39 33 3° 27 35 
40 | 2005 2005 2005 2004 2003 2002 2001 1959 31957 1954 19 5% 19 48 19 45 42 38 40 
45 27 27 26 25 24 22 20 2017 2014 20 II 2008 2004 2000 1955 19 51 45 
50 | 2056 2056 2054 2053 2051 20 48 45 41 37 33 28 24 18 2013 2007 50 
S §2|21 11 21 10 2109 2107 21 04 2101 2057 2053 2049 2044 2039 20 33 2027 2021 2015] S 52 
54 28 27 25 23 19 16 21 II 2107 2102 2056 2050 44 38 31 24 54 
56 | 21 50 21 48 21 46 21 42 21 38 34 28 23 17 21 10 21 03 2056 20 49 42 34 56 
58 | 2219 2216 2212 2207 2202 21 56 21 49 21 42 35 2a) Ig 2111 21 03 20 54 46 58 
S 60 | 23 04 22 58 2251 2244 2235 2226 2217 2207 21 58 21 48 21 38 21 29 21 19 21 09 20 59| S 60 


APPENDIX G: EXTRACTS FROM AIR ALMANAC 1207 
SUNRISE 
tae Apr. May June Lat 
29 | 2 5 Samy Lie wera 17 20 23 26 ©=« 29 I 4 7 10 : 
Sete hem nem km hem ck hem he mi heave ho mo ke Gk. ee nem Oh a 
N 72 | 0214 01 50 0122 0041 © 3 i) i] = ==] 3 o 3 o = |N72 
70° | 02 47 0229 O2II OI 51 OI 29 Of 02 COI2 G&G i) SS (—| ja Teal [= r= 70 
68 | 03 10 02 56 02 42 02 28 0212 oF 57 OI 40 OI 2t 0100 0029 =) =) =) = 68 
66 28 0317 0305 0253 0241 0229 02 I7 0205 OF 53 OL 41 Of 28 OF 5 OF 02 00 48 00 33 66 
64 43 33 23 03 I2 0302 02 53 02 43 34 0225 0216 0207 0200 OI 52 oI 46 o1 40 64 
62 | 03 55 46 37 28 20 03 II 03 03 0255 02 48 02 41 34 28 02 23 0219 0215 62 
N 60 | 04 05 03 57 03 49 03 41 03 34 03 26 0319 03 13 03 06 03 01 0255 0250 02 46 02 43 02 40| N 60 
58 I5 0407 04 00 03 53 46 39 33 27 22 17 03 12 03 08 0304 0301 0259 8 
5 
56 22 16 09 04 02 03 56 03 50 45 40 35 30 26 23 20 £7 103 25 56 
54 29 23 17 II 0406 04 00 03 55 0350 46 42 39 35 33 31 29 54 
52 36 30 24 19 14 09 04 04 04 00 03 56 03 52 49 46 44 42 41 52 
N 50 | 04 41 04 36 04 31 04 26 04 21 0417 04 12 04 09 04 05 04 02 03 59 03 56 03 54 03 53 0351 | N 50 
45 | 94 54 04 49 45 41 37 33 30 27 24 21 04 19 0417 04 15 04 14 04 13 45 
40 | 05 04 0500 04 56 04 53 04 49 46 44 41 39 37 35 33 32 31 31 40 
35 12 09 05 06 05 03 0500 04 58 04 56 04 53 0452 0450 0449 47 47 46 46) 35 
30 20 17 14 12 IO 05 08 05 06 05 04 0503 0501 0500 04 59 04 59 04 58 04 58 30 
N 20 | 05 32 05 31 05 29 05 27 0526 05 25 05 23 0522 05 22 05 21 05 20 05 20 05 20 05 20 05 20| N 20 
N 10 44 43 42 41 40 390 39—t—«*=838 38 3oey Some Soun 3848 35 5n 38)leNio 
© | 05 54 95 54 95 53 95 53 95 53 95 53 95 53 05 53 05 53 95 53 05 54 05.54 0555 0555 05 56 9 
S 10 | 06.04 0604 0605 0605 0606 0606 0607 0607 0608 0609 0610 06 10 06 II 0612 06 13 10 
20 15 16 17 18 19 20 21 23 24 25 26 47) 29 30 31 20 
S 30 | 06 27 06 29 06 31 06 33 06 35 06 37 0638 06 40 06 42 06 44 06 46 06 47 06 49 0650 0651] S 30 
35 34 37 39 41 44 46 48 06 50 06 53 0655 0657 0659 0700 0702 067 03 35 
40 42 45 48 06 51 0654 0657 0659 0702 0705:0707 0709 0712 14 16 17 40 
45 | 06 51 0655 0659 0702 0706 0709 07 12 16 19 22 25 27 30 32 34 45 
50 | 07 02 0707 O7I1I1 16 20 24 28 32 36 40 43 46 49 07 52 07 54 50 
S §2 | 0708 07 12 0717 07 22 0727 07 31 0736 07 40 07 44 07 48 0752 0755 0758 0801 08 04|S 52 
54 13 19 24 29, 34039 44 49:07 53. :07 58 08 02 0805 08 09 12 14 54 
56 20 25 31 37 42 48 07 53 0758 08 03 08 08 12 17 20 24 27 56 
58 26 33 39 46 07 52 0758 0804 o8 Io 15 20 25 30 34 38 41 58 
S 60 | 07 34 07 41 07 49 0756 0803 0809 0816 08 22 08 29 08 34 08 40 08 45 08 50 08 54 085815 60 
SUNSET 
e 
Lat. Apr. May Jun Lat. 
29 2 5 8 Tice 14 17 20 23 26 29 I 4 7 10 
co} k my bom bh my h ‘my SB ome W me BR ome hme home PW me hems Ah ome fb men me UY hu CS 
Ni72 | 2847 22 11°22 41 2335 © 3 =) o o i =) o o So o N 72 
70 | 2112 2129 21 47 2207 2231 2301 = oS o = =| i) f=] = 70 
68 | 2048 2101 2115 21 30 21 45 2201 2218 22 37 2301 2343 © i) o o o 68 
66 29 20 40 2052 21 03 2115 21 27 21 39 21 51 2204 2217 2230 2244 2258 2314 23 32 66 
64 14 24 33 20 43 2053 2102 2112 21 22 21 31 21 40 21 49 21 58 2206 2213 2220 64 
62 | 2002 2010 18 27 35 20 43 2051 2059 2107 2115 22 28 21 34 21 40 21 45 62 
N 60 | 19 51 19 59 2006 2013 2021 2028 2035 2042 2048 2055 2101 2106 2111 2116 21 20| N 60 
58 42 48 19 55 2002 2008 15 21 27 33 38 20 43 2048 2053 2057 21 00 58 
56 34 40 46 19 52 19 58 2003 2009 14 20 24 29 33) 37 41 20 44 56 
54 oh) 32 38 43 48 19 53 19 58 2003 2008 13 17 21 24 27 30 54 
52 20 25 30 35 40 45 49 19 54 19 58 2002 2006 09 13 15 18 52 
N 50/1915 1919 1924 19 28 19 33 19 37 19 41 1945 19 49 19 53 1956 2000 2002 2005 2007] N 50 
45 | 19 02 19 06 1909 13 17 20 24 27 30 33 36 19 39 19 41 19 43 19 45 45 
40 | 18 52 1855 1858 19 01 1904 1907 19 09 12 15 18 20 22 24 26 28 40 
35 43 46 48 1850 18 53 1855 18 58 1900 1902 19 04 1906 1908 I910 19 12 13 35 
30 36 37 39 41 43 45 7 1849 18 51 18 53 1854 1856 1858 1859 19 00 30 
N 20 | 18 23 1824 1825 1826 1827 18 28 1829 1831 18 32 18 33 18 34 1835 1837 18 38 18 39] N 20 
N 10 II 12 12 13 13 14 14 15 16 16 17 18 19 19 20| N 10 
o | 18 or 1800 1800 1800 1800 1800 1800 1800 1800 1801 1801 1801 1802 1802 18 03 ° 
6 17 46| S 10 
S 10 | 1751 1750 1749 17 48 1747 1746 1746 1745 1745 1745 1745 1745 1745 174 
ne 7 x 33 ae 35 33 32 31 30 -29 28 28 28 28 28 28 20 
8 1707 1707 1707| S 30 
o | 1727 1725 1722 1720 1718 1716 1714 1712 I71I 1710 1709 170 
ae st sais hn II 1709 1706 1704 1702 1700 1659 1657 1656 1656 1655 1655 35 
40 I2 1709 1705 1702 1659 16 56 1653 1651 16 48 46 45 43 42 41 41 40 
45 | 1703 1658 1654 1650 47 43 40 37 34 32 3° 28 27 25 25 45 
50 | 16 52 47 42 37 32 28 24 20 17 14 II 09 1607 1605 1604 50 
602 1600 15 58 15 56 15 55,| S 52 
16 41 16 16 3G 1625 1621 1616 1612 1609 1605 I ls 
: a + th of * 23 18 13 1608 1604 1600 15 56 15 53 15 50 47 45 44 54 
SO Ur 3508 28m C2zeedeasmes 20MT6 O4GTS SOEs 54ea5 49% 45°% 42° 98h 36°" 33" 32)" 56 
58 28 20 13 1607 1600 15 54 48 43 38 33 29 25 22 19 17 ® % 
S 60 | 1619 1612 1604 15 56 15 49 15 43 15 36 15 30 15 24 1519 15 14 15 10 15 06 15 03 1500 ly) 
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MORNING CIVIL TWILIGHT 


Lat. Apr. May June Lat. 
29 2 5 8 II 14 17 20 23 26 29 I 4 7 10 

CTI ee) ST Wek ri Weer) Te are Ur rye ST serie ST frifs a) eh TE a omar eh Vet re te Mee Ty cays Re TWP ye Th LES i yt ° 
17 Nae ei 1 = === ls — et — 0 —l ah =— a — a = 
TRO ME TMP MEE ANETTA TET i) oo i) i i i = = 7° 
68/0133 0104 Tooo2 7 it Si it, Tie On ii i coe oe ae oe 66 
(CL) | Oe zt ON Gy On EVE Cre KO) Oey WINN HH i Hil i A A TS 66 
64 38 02 24 0210 OF 54 O1 38 O1 20 0059 0027 f/// fill Till Jit Til TIT TT 64 
62 | 02 58 02 46 35 02 23 O2II OL 59 OI 46 OF 32 O01 18 OI 03 0044 0015 /|/// wie H/T 62 
N 60 | 03 14 0304 02 54 02 44 02 35 02 25 0215 0205 O1 56 OI 46 OI 37 OI 28 Of 20 O1 11 Of 04| N 60 
58 7] 19 03 10 0302 02 53 02 45 37 29 02 22 0215 0208 0202 OI 56 OF 51 OI 47 58 
56 39 31 23 16 0309 03 01 0255 02 48 42 36 31 26 02 21 0218 0214 56 
54 49 42 35 28 22 15 03 09 03 04 02 58 02 53 02 49 02 45 41 38 36 54 
52 | 03 58 51 45 39 33 27 22 17 03 12 03 08 03 04 0300 02 57 0255 02 53 52 

N 50 | 04 05 03 59 03 54 03 48 03 43 03 38 03 33 03 28 03 24 03 20 0317 0314 0311 0309 0307| N50 
45 22 O04 17 04 12 04 07 04 03 03 59 03 55 03 52 03 49 03 46 03 43 03 41 03 39 37 36 45 
40 35 31 27, 23 19 04 16 04 13 04 10 04 07 04 05 04 03 04 OL 04 00 0359 03 58 40 
35 45 4256 39 3 yi30 em 833) 83008 Fz7 ees £25 B23: 0S EZ 20 18 17 0416 0416) 35 
30 | 04 55 04 52 04 49 04 46 04 44 04 42 04 40 38 36 35 33 32 32 31 31 30 

N 20 | 05 10 05 08 05 06 05 04 05 03 0501 0500 04 59 04 58 04 57 0456 0456 0455 0455 04 55| N20 
No 22 21 20 19 18 17) 16 05 16 0515 0515 0515 0515 0515 0515 0515| Nio 
o 33 32 32 31 31 31 31 31 31 31 31 32 32 33 33 ° 

S 10 43 43 43 43 44 44 44 45 05 46 05 46 05 47 05 48 05 48 05 49 05 50| S 10 
20 | 05 52 05 53 95 54 95 55 05 56 05 57 05 58 05 59 0600 0602 0603 0604 0605 0606 0607 20 

S 30 | 06 03 06 04 0606 0608 0610 0611 0613 0615 0616 0618 0620 0621 06 23 06 24 0625| S 30 
35 08 Io 12 15 17 19 21 23 25 27 29 31 32 34 36 35 
40 14 17 20 22 25 27 30 33 35 37 40 42 44 45 06 47 40 
45 21 24 28 31 34 37 40 43 46 06 49 06 52 0654 0656 06 58 0700 45 
50 28 33 37 41 45 49 52 0656 0659 07 03 0706 0709 O7 II 07 14 16 50 

S 52 | 06 32 06 37 06 41 06 45 0650 0654 0658 0702 0706 0709 07 12 07 16 0718 0721 07 23/ S 52 
54 36 41 46 50 0655 0659 07 04 08 I2 16 20 23 26 29 31 54 
56 40 45 51 06 56 07 oI 07 06 10 15 19 24 27 31 34 37 40 56 
58 44 50 06 56 07 02 07 13 18 23 28 32 36 40 44 47 07 50 58 

S 60 | 06 49 06 56 0702 0708 0714 07 20 07 26 07 31 07 37 07 42 07 46 07 51 07 55 07 58 o8o1! S 60 

EVENING CIVIL TWILIGHT 
Lat. Apr. May June Lat. 
29 2 5 8 II 14 17 20 23 26 29 I 4 7 10 

oy oh! ome ome Oh oma oh meh me bh me oh me mek ma Rh ma oh me bh mt fh me h me oh m ° 
SES TS TUE UT TEA te = = i) = = = is i] i) = |N72 
TRO THA TUE THAI THE TURE TEE co i=) i=) i) =) =) = i= =) 7O 
68 | 2229 2300 fifi fifi fill TENE TNE EE i) 5 S i) 68 
66 | 21 48 2206 2226 2251 2333 //// Jill TINE TIE TPE ST LE ST et TL 66 
64 21 21 34 21 48 2203 22 20 2239 2302 2350 //// /i// Jill {III TALL OTL STL 64 
62 |\ 21 oo} 21 11 22 21 33 2145 2158 2211 2225 2240 2257 2318 //// //// JI! I/II 62 

N 60 | 20 43 2053 2102 2111 21 21 21 30 21 40 21 50 2200 2210 2220 22 30 22 39 22 48 22 56| N60 
58 30 38 2045 2054 2102 21 10 18 26 21 34 21 41 21 48 2155 2202 2208 2213 58 
56 18 25 32 39 20 46 20 53 2100 2107 21 13 20 26 31 21 36 21 41 21 45 56 
54 | 20 08 14 20 26 33 39 20 45 2051 2056 21 02 2107 21 12 16 20 23 54 
52 | 19 59 20 04 10 16 21 27 32 37 42 2047 2052 2056 2100 21 03 21 06 52 
N50 | 19 51 1956 2001 2006 2011 2016 2021 2026 20 30 20 34 20 38 2042 2046 2049 2051| N50 
45 34 38 19 42 19 46 1950 19 54 19 58 2002 2005 2009 2012 20 I5 2018 2020 23 45 
40 21 24 28 31 34 37 49 19 43 19 46 19 49 19 52 19 54 1957 1959 2000 4o 
35 Io 13 15 18 21 23 26 28 31 33 35 37 39 41 19 43 35 
30 | 19 O1 19 03 1905 1907 1909 I9 II 1913 1915 1917 1919 19 21 23 25 26 28 30 
N 20 | 18 46 18 47 18 48 1849 1850 18 52 1853 18 54 1856 18 57 1858 1900 1901 1902 19 03| N20 
No 33 33 34 34 35 36 36 37 38 39 40 18 41 18 41 18 42 18 43| Niro 
° 22 22 22 22 22 22 22 22 22 23 23 24 24 25 25 ° 

S 10 12 11 1810 1809 1809 1808 1808 1808 1807 1807 1807 1808 1808 1808 1808] S$ 10 
20 | 1802 1801 1759 1758 1756 1755 1754 17 53 L7, DSL, D2 p> 2anL 7, SEE 7) SAL) ST 7h 52 20 
S 30 | 17 52 1749 1747 1745 1743 1741 1739 17 38 17 37 17 36 17 35 17 34 17 33 17 33 17 33/| S$ 30 
35 46 43 41 38 35 seb She 29 28 205) 525 24 24 23 23 35 
40 40 37 34 30 27 25 22 20 18 16 15 13 L207 eae Te 40 
45 33 29 25 22 18 15 I2 1709 1707 1704 1703 1701 1700 1659 1658 45 
50 26 21 16 12 07 1703 1700 1657 1654 1651 16 48 16 46 16 45 43 43 50 

S 52/1722 1717 1712 1707 1702 1658 16 54 1651 1647 16 44 16 42 16 40 16 38 16 36 16 35| S 52 
54 18 13 07 1702 16 57 52 48 44 41 37 34 32 30 28 27 54 
56 14 08 1702 1656 51 46 42 37 33 30 27 24 22 20 18 56 
58 10 17 03 1657 51 45 39 34 29 25 21 18 15 12 1010 1608 58 

S 60 | 1705 1657 1650 1644 1638 16 32 1626 1621 1616 1612 1608 16 04 1601 1559 15 57|S 60 
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RISING, SETTING AND DEPRESSION GRAPHS 


TABLE 1—MERIDIAN PASSAGE AND 
SUN AT 12° G.M.T. 


DECLINATION OF THE 
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TABLES 2 and 3—DEPRESSION OF 
THE SUN AT VARIOUS HEIGHTS 


e May June July August 
5 Mars Mer. As ee TABLE 2 TABLE 3 
i Deo! ee Dec. "Dec, | Height | AT SUNRISE] AT CIVIL 
ass. Pass Pace! Pace ANDSUNSET| TWILIGHT 
: ee ° | bm ° |} hm Om i ga ° Diff Diff 
eo oe 58 N.22-0/ 1204 N.28-1] 1206 N.18-1] Feet se tnt from] D1 from 
: “1 | 12 04 23-1 | 12 06 17.9 0°-g |Pression| 90.3 
3 | 1157 15-6 | 11 58 22-3 | 12 04 23-0 | 12 06 17-6 
4/1157 15-9/1158 22-4/1204 22.9/1206 17.3 i : 4 , 
5/1157 16-2) 1158 22-5] 1204 22-8/1206 7-1] ge Lien ice a AS? 
6/1157 N.16-4| 1159 N.22-6|1205 N.22-711206 N.16-8 a oh ca 
Thi FEN NMGIANII 50° 22-7/1205 23.6/ 1206 16-5) 1 08° | 15 Cee cee 
BERNE T ROS) 22'8)1205 22.5/'12'06 e.g | 7 CC ay 17 | 08 “nO t ais.8 
SR ma HN sh” 22.9 1-12-05. 20.4 19.06 16.9]. 5-000.) P87 2) Class 
10/1156 © 17-5]1159  23-0/1205 -22-3/1205 15-7] 5 toe | ao La ee ee 
é ti a) 5 
11 | 1156 N.17-8/}1159 N.23-1/1205 N.22-2}1205 N.15-4 e 
120056) 18011200 2eT 2 06 «= 22-0112 05. . 15-1) 2 POOmin®* | 18t |'2 4 
13 | 11 56 18-3 | 12 00 23-2 | 12 06 21-9 | 12 05 14.8 gf 008 Be aT we we 
14/1156 18-5 | 12 00 23-2 | 12 06 21-7 | 12 05 14.5 age! sa 18 ee eg 
15 | 1156 18-8 | 12 00 23-3 | 12 06 21-6 | 12 05 14.2 ts oe x a es e 
16 |1156 N.19-0|1201 N.23-3]1206 N.21-4| 1204 N.13-8 
17 | 11 56 19-3 | 12 01 23-4 | 12 06 21-3 | 12 04 rea pesos aie ae es oa 
18 | 1156 19-5 | 12 01 23-4 | 12 06 21-1 | 12 04 toe poe ve ae Ge pS 
19 | 1156 19-7 | 12 01 23-4 | 12 06 20-9 | 12 04 12-9] 35 ans Fee oy ps 8:0 
20 | 11 56 19-9} 12 01 23-4 | 12 06 20-7 | 12 03 12-6] 35 900 ri es ae He 
21 |1157 N.20-1/1202 N.23-4] 1206 N.20-5|1203 N.12-2 
22 | 1157 20-3 | 12 02 23-4 | 12 06 20-3 | 12 03 11-9 M4 aoe a 7 ios te 
23 | 11-57 > 20-5:} 12-02 23-4..12.06 —20-1+| 12.08 11-6 | 56 gpg | 54 43 7.5 8.7 
24/1157 ©20-7/1202 23-4/1206 19-9/1202 11-2] ge ong | 5.3 45 76 | 68 
25 | 11 57 20-9 | 12 02 23-4 | 12 06 19-7 | 12 02 10-9 | 66 000 5.5 47 1.7 6.9 
26 11157 N.21-1|1203 N.23-4|1206 N.19-5|1202 N.10-5 
27 UL 57 21-2 | 12/03 23-3 | 12 06 19-3 | 12 02 10-2 
28 | 1157 21-4 | 12 03 23-3 | 12 06 19-1 | 12 01 9-8 
29 | 1157 21-6 | 12 03 23-2 | 12 06 18-8 | 12 01 9-5 
30 | 11 57 21-7} 1203 N.23-2 | 12 06 18-6 | 12 01 9-1 
31 [1158 N.21-9 1206 N.18-4/1200 N. 8-8 


An alternative method to those given on pages A12—A14 is to use the graphs to give the correc- 
tions to the tabulated times of sunrise and sunset at ground level; in this case it is adequate to 
use the graphs for the nearest tabular latitude and declination. The difference in hour angle is 
found between the hour angle for zero depression and the hour angle at the tabular depression 
minus 0°-8. The difference in hour angle so found is then applied to the time of sunrise or sunset. 
The result will be less than 5™ in error if the declination curve cuts all the depression lines. 

Example. To find the times of sunrise and sunset on 1975 August 23 in latitude N. 65° 17’, 
longitude W. 35° 15’, at a height of 37 000 feet. From Table 1, Dec.= N. 11°-6; Table 2, 


Depression diff. from 0°-8=3°:7. 


Page A68, N. 65° 17’ (August 24) 


Page A71, Lat. 66°, Dec. 11° (same) ; diff. in 


H.A. from depression 0° to 3°-7 


L.M.T. 


Longitude W. 35° 15’ 


G.M.T. 


Sunrise 


h m 


04 10 


45 


03 25 
2 21 


05 46 


Sunset 


hem 


19 53 


45 


20 38 
2 21 


22 59 
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SEMIDURATION OF SUNLIGHT 


{ 5 . 5 5 ] i} 1 ! 0 
Tasyee 12°05 12°06" 1206" 12°05" 


SUN ABOVE 
HORIZON 


MAY JUNE JULY AUGUST 


CONTINUOUS TWILIGHT 


OR SUNLIGHT 


MAY JUNE JULY AUGUST 
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SEMIDURATION OF MOONLIGHT 


N85 


N85 


N80 


MOON ABOVE MOON BELOW 
HORIZON HORIZON 


N75 


N70 


N70 


MOON ABOVE MOON BELOW 
HORIZON HORIZON 


MOON ABOVE MOON BELOW 
HORIZON HORIZON 


MOON ABOVE 
HORIZON 


MOON BELOW 
HORIZON 


“ a 15 20 25 30 1975 


AUGUST 
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CONVERSION OF ARC TO TIME 


° h b ° h m , m 8 
0 4 8 300 | 20 00 o © 00 
I 4 8 301 | 20 04 I © 04 
2 4 8 302 | 20 08 2| 0 08 
3 4 8 303 | 20 12 zy | ©) 18 
4 4 8 304 | 20 16 4| 0 16 
5 4 8 305 | 20 20 5 | © 20 
6 4 8 306 | 20 24 6 © 24 
4 4 8 307 | 20 28 7| © 28 
8 4 8 308 | 20 32 S| Songz 
9 4 8 309 | 20 36 9} 0° 36 
10 4 8 310 | 20 40 Io ° 40 
Ii 4 8 3II | 20 44 Ir © 44 
12 4 8 312 | 20 48 12 o 48 
13 4 8 313 | 20 52 13 oO 52 
14 4 8 314 | 20 56 14 ° 56 
15 I 5 9 315 21 00 15 I 00 
16 I 5 9 316 | 21 04 16 I 04 
17 I 8 9 317 | 21 08 17 I 08 
18 I 5 9 318 | 21 12 18 Tez 
19 I 5 9 319 | 21 16 19 1 16 
20 I 5 9 320 | 21 20 20 jt. Fx) 
21 I 5 9 Bea || ee pi: 21 I 24 
22 I 5 9 B22 antes 22 I 28 
23 I 5 9 323) 21632 23 L832 
24 I 5 9 324 5\e2 uso 24 I 36 
25 I 5 9 325 | 21 40 25 I 40 
26) 1 5 9 326 | 21 44 26] 1 44 
e450 I 5 9 B27 alez tas #55) 1 48 
28 I 5 9 S252 52 28 I 52 
29 I 5 9 329 | 21 56 29 1 56 
30 2 6 10 330 | 22 00 30 2 00 
31 2 6 10 331 | 22 04 31 2 04 
32 2 6 332 | 22 08 32 2 08 
33 2 6 10 333)4je22. 12 33 Py its 
34 2 6 10 334 | 22 16 34 2 16 
ais || © 6 10 335 | 22 20 35 2 20 
36 2 6 10 336 | 22 24 36 2 24 
37 2 6 10 B37 le22n25 37 2 28 
38 2 6 10 Ba8nle22e32 38 24B2 
39) 2 6 10 339 | 22 36 39 | 2 36 
40 2 6 10 340 | 22 40 40 2 40 
41 2 6 10 341 | 22 44 41 2 44 
42 5 6 10 342 | 22 48 42 2 48 
43 2 6 10 ZAgT 2252 43 2 52 
44 | 2 6 10 344 | 22 56 44| 2 56 
45 | 3 7 II 345 | 23 00 45 | 3.00 
46) 3 7) II 346 | 23 04 46 | 3 04 
47 | 3 7 II 347 | 23 08 47 | 3 08 
48 | 3 7 II 348 | 23 12 48 | 3 12 
49 3 a II 349 | 23 16 49 3 16 
50 3 7 II 350 | 23 20 50 3 20 
51 3 7 It B51 | 23) 24 51 324 
52 3 WT Il 352 | 23 28 52 3528 
53 3 7 II 353 | 23 32 53 36s2 
54| 3 7 11 354 | 23 36 54 | 3 36 
55 | 3 7 II 355 | 23 40 55 | 3 40 
56| 3 7 11 356 | 23 44 | 56) 3 44 
57 | 3 7 11 357 | 23 48 57| 3 48 
58 | 3 7 II 358 | 23 52 58 | 3 52 
59 | 3 7 11 359 | 23 56 59 | 3 56 


The above table is for converting expressions in arc to their equivalent in time; its main use in this Almanac is ; 
for the conversion of longitude for application to L.M.T. (added if west, subtracted if east) to give G.M.T., or vice versa 
particularly in the case of sunrise, sunset, etc. ‘ 
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INTERPOLATION OF G.H.A. SUN 


om yn 2m 3m 4m 5m 6m zm gm 9” 
ft eet es a alate EE Sl ai Ces I AR A Pe 
: ‘ 2 4 e 4 a : ) ¢ ° ¢ ° , ° , ° , ° , 
SASSI BOE 5: Ce SOC ODA SON AL OOO}, Ie T5:O4) 1 30-05. F 45-01, 2 00.0. 2 15:0 
OCC A Bo FSS ROSS 3g 49 45 :Sye et 005355 7 15:30, X 30.3. I 45:3m) 2 00-3... 2 15:3 
Oe Ro eee Sasi A5c Sap ft OSs) TF TG :Shy 1 30:5,) 145255, 2100-6 py 2 15-5 
© 00-8 0 15:8 0 30:8 0 45.8 I 00.8 I 15-8 1308 145-8 2008 2 15.8 
© O1-0 © 16.0 © 31:0 ° 46.0 I O1-0 I 16.0 I 31-0 1 46.0 2 O1-0 2 16.0 
© O1-3 © 16.3 © 31-3 © 46.3 I O1-3 I 16.3 r 31-3 1 46.3 2 01-3 2 16-3 
© O1-5 © 16.5 O 31:5 © 46.5 I O15 I 16.5 1 31-5 TONS 2 O1-5 2 16.5 
o o1-8 o 16-8 0 31-8 o 46.8 1 01-8 1 16.8 1 31-8 RD SR SW BT 
© 02:0 O17:0 0 32:0 047.0 I 02-0 I 17-0 I 32-0 % 47.0 092.02-0 a 7-6 
© 02-3 0 17-3 Oo 32-3 © 47:3 I 02-3 D179 I 32-3 I 47-3 2 02-3 Py ty ole} 
Oo 02:5 oO 17-5 Oo 32:5 Oo 47°5 I 02-5 I 17-5 I 32-5 I 47-5 2 02-5 2 17-5 
0 02-8 017-8 0 32-8 0 47-8 102-8 117-8 1 32-8 147-8 2028 217.8 
© 03:0 0 18:0 0 33-0 © 48.0 I 03:0 1 18.c I 33-0 1 48:0 203.0 2 180 
© 03-3 ° 18.3 © 33-3 ° 48.3 I 03-3 1 18.3 1 33-3 1 48.3 2 03-3 2 18.3 
© 03:5 © 18.5 © 33:5 o 48.5 I 035 1 18.5 i jong 1 48-5 2 03-5 2 18.5 
° 03-8 o 18.8 © 33-8 ° 48.8 1 03-8 1 18.8 I 33-8 1 48.8 2 03-8 A Ok 
Oo 04-0 oO 19-0 Oo 34:0 © 49-0 I 04-0 I 19-0 I 34-0 I 49:0 2 04-0 2 19:0 
oO 04-3 o 19-3 © 34:3 © 49-3 I 04-3 I 19-3 I 34-3 I 49-3 2 04:3 2 193 
Cod aero: 5 mm Ons 405me O14 O25 ee Th 04.50) eT O. 5 |e 3425 2040.5) 66 2.04-5 2) 119.5 
0 04:8 019-8 oc 34:8 0 49:8 104-8 119-8 1 34-8 1 49-8 2.04.8 2 19.8 
oO 05-0 oO 20-0 Oo 35-0 ° 50-0 I 05-0 I 20-0 I 35-0 I 50-0 2 05-0 2 20-0 
© 05:3 oO 20-3 © 35:3 Oo 50-3 I 05-3 I 20-3 I 35-3 I 50-3 2 05-3 2020:3 
0 05:5 Oo 20-5 © 35°5 ©O 50:5 1 05-5 I 20-5 I sas Vi ae 2 a8 2 pues 
° 95-8 © 20-8 o 35-8 o 50.8 1 05-8 I 20.8 I 35: I 50. 2 O5.- 2 20- 
° 06.0 © 21-0 © 36.0 © 51-0 1 06.0 I 21-0 I 36.0 I 51-0 2 06.0 2 21-0 
° 06.3 © 21-3 © 36:3 © 51-3 1 06.3 I 21-3 1 36-3 1 51-3 2 06-3 2 21-3 
© 06-5 © 21-5 © 36-5 © 51-5 I 06-5 e205 I er I Be 2 oe 2 ae 
° 06.8 °o 21-8 © 36.8 © 51-8 1 06.8 I 21:8 gO: I 51- 2 06. 2 21. 
0107-07" "70 22-0 "0 37-0) 0) 52-0 I 07-0 I 22-0 I 37-0 1 52-0) 2107-0) 222-0 
° 07-3 © 22-3 oO 37:3 Oo 52-3 I 07-3 I 22-3 I 37:3 I 52-3 2 07-3 2 22:3 
O107-5 0 22-5 10 37.55 © 52:5 I 07-5 I 22-5 I 37°5 15 2.5 O75 2, 28 
° 07-8 © 22-8 © 37:8 © 52-8 I 07-8 I 22-8 I 37:8 I 52-8 2 07-8 2 22- 
0 08-0 0 23:0 0 38:0 0 53:0 I 08-0 I 23-0 I 38-0 153700 2800-08 223-0 
OlOS=3im BOl2 seg 8 0 38-3ee 1053-358 BL 089385 Fr 23637 11 38°gtR in 55-3195 12 ee 2 23-3 
0 085 0 23-5 90 38-5 0 53-5 = 08-5) at 23-5 or 38-5 «53-5 0-2 08-5 2 23-5 
° 08.8 ° 23-8 © 38-8 © 53-8 1 08.8 I 23-8 1 38.8 I 53:8 2 08.8 2 23-8 
0 09:0 © 24:0 0 39:0 0 54:0 I 09:0 I 24:0 I 39:0 I 54:0 2 09.0 ; pian 
© 09:3 0 24:3. «0 39-3. 0:54:31 :09-3-Ss dT 24-30 39-3) I «54-3 : 09°3 ; HS 
© 09:5 © 24-5 O38 935 © 54:5 I 09-5 I 24-5 1 39°5 I pce a : “as 
0 09:8 0 24:8 0 39-8 0 54-8 I 09-8 124.8 1 398 1 54- 2 09- 24: 
© 10:0 025-0 0 40:0 0 55-0 I 10-0 I 25:0 I 40-0 I 55:0 ; ae 2 a3 
O10-g BO 25-4 FO 40.398 0 55-388 1 10-305 1225236) 1 40°30" 1 55-3 oe Z oe 
OFIOVSie ROL25 SiO) 40-508 FON5 525 I 10-5 I 25-5 I 40-5 7555 52a lO-5 2 
0 10:8 025-8 040-8 0 55-8 I 10-8 I 25-8 1 40-8 1 55:00 2) 10-S9m 2 a 
© II-0 © 26.0 © 41-0 © 56.0 I 11-0 I 26.0 I 41-0 T50:0mm2 1 T-0§mE 220-0 
© 11-3 © 26-3 © 41-3 © 56-3 I II-3 I 26-3 I 41-3 nm Ye) Bite 4 aos 

i. - I 56. 2 II: 2 26-5 
. 6. I 11-5 I 26-5 I 41-5 56-5 5 
© I1-5 © 26-5 © 41-5 © 56-5 oF 
0 11-8 0 26:8 041-8 0 56-8 1 11-8 1 26.8 1 41-8 1S OS Mott Ome ze 20: 
© 12-0 027-0 © 42:0 © 57-0 I 12-0 I 27:0 I 42:0 57-0 = oe : te 
© 12-3 © 27-3 «0 42-3 © 57:3 I 123 I 27-3 I 42-3 57:3 
- : : I 42: 157 5c lS: Smee ee 7.5 
BS ee : ae i er 2 ae : ie : ae: eit ae re Giese ts) 
i 5 Qs rs x 
es os 4 Zee ‘ pie © 58-0 1 13:0 I 28-0 I 43-0 1 58:0 2 13:0 2 28-0 
et es 8. I 13:3 I 28.3 I 43:3 I 58-3 214-46 2525-3 
re eae eee Ree ae 28 I 43°5 I 58-5 2 13:5 2 28-5 
© 13-5 ° 28.5 © 43-5 © 58-5 I 13-5 I 28-5 : a : Ark 
. . 2 13. . 
A ae: Pog: orl a. : ee ; ue ee : ae 2 a 2 29:0 
© 14:0 0 29:0 © 44-0 0 59:0 I 14: . ee 
. . 1 29-3. 1 44:3. 1 59:3 4 
© 14-3 029-3 0 443 0 59:3 I 143 SE ape ai re 
©1455 © 29:5 © 44:5 © 59:5 I ae f ae d ca ; ae or <p ee: 
0 14:8 0 29-8 0 44:8 059-8 1 14- ack 
. : 2 00:0 2 15: . 
© 15-0 0 30:0 © 45:0 I 00-0 I 15-0 I 30-0 I 45-0 5 


1213 


1214 


OFOTOTOTO OLOTOnOmOn OO. ©. O01 0)O70)-0) ©) 0:0) 0 O80 10.0) 67 0) 070) 07 00,0 (01/0 010) 1007 0 0 01 0 (07.0 0° 0 0 10 0 (0 0 CO 6 


(e} {el Ke) (©) 


° 


O10 6, 0) 0) BO 10) © 0) © BOO ©) 6) 10) BOLO © 1 10) 1 0 10:10:10 0 8 OO FOFOFO) OF0HOF00) OFO).0N0)0" OFOFOHON0) 07070100" 0 O10 0' Oc 


OO} (0) OKO 


° 


16.8 
17:0 
17-3 


17-5 
18.0 


18.6 


19-1 
19-3 


20-1 
20-3 
20-6 
20.8 
21-1 
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APPENDIX G: EXTRACTS FROM AJR ALMANAC 


POLARIS (POLE STAR) TABLE, 1975 
FOR DETERMINING THE LATITUDE FROM A SEXTANT ALTITUDE 
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L.H.A.? L.H.A.? DEA 
° , ° , ° , Q 
359 08 80. $2.8 1s 1 
114 a 82 00 ane 114 20 : 
329 4,| 8827 5, /115 28 
554 4g| 8452 55/116 36 | 
8 3247 | 8615 59/117 44 
1130 4, | 87 38 53/118 51 _ 5 
1456 49 | 8858 57/119 59 F 
1913 55; 9018 54/121 07 9 
2556 5) | 9136 55/122 15 | | 
38.17 _5| 9254 54/123 23 5 
4500 44| 9410 55/124 30 1 3 
49.17 4, 95 26 95/125 39 1 4 
5243 47 | 96 41 9) | 126 47 | 
55 41 44| 9755 59/127 55 1G 
58.19 4-/ 9908 1, / 12903 | | 
60 44 4.) 100 21, / 13011 |g 
62 59 4/101 33 |, | 131 20 |g 
65 05 45/102 45 || 132 29 1) 
67 05 4 | 103 56 1 133 38 
68 59 4/105 07 4) 134 47 
70 48 39} 10617 3/135 57 15 
72 33 35) 107 27 15/137 07 144 
7414 37 | 108 36 1) | 138 18 | 5 
75 53 _3,|109 46 1/139 29 11, 
77 28 _35| 110 54 4/140 40 |, 
79 01 34|112 03 _ | 141 52 1, 
80 32 113 11 143 05 


STANDARD DOME 
REFRACTION 


To be subtracted from sextant altitude 
when using sextant suspension in a 
perspex dome 


Alt. Refn. Alt. Refn. 
10 8 50 4 
20 a 60 4 
30 6 70 3 
40 7 80 3 


This table must not be used if a cali- 
bration table is fitted to the dome, or if 
a flat glass plate is provided, or for 
non-standard domes. 


BUBBLE SEXTANT ERROR 
Alt. Corr. 


° , 


Sextant Number 


L.H.A.? L.H.A.? L.H.A.? L.H.A.? L.H.A.? 
° , ° , Q ° , ° Y} Q ° , 
143 05 183 04 | 264 07 ‘129618 || 326 18 4 
144 18 os 185 31 ve, 265 33 1 °!| 997 9g + 5| 397 39 —21 
145 32 15, | 188 12 266 57 1°" | 298 34 + *| 398 47 ~22 
146 46 191 12 147 | 26g 29 +29} 299 43 + 3 330 03 22 
+22 +48 +28 oD Loren 
148 01 155 | 194 41 +49 | 269 41 15, | 300 50 331 19 
149 18 | 54] 199 02 15) | 271 01 1-96 | 301 58 “y 332 37 2° 
150 35 155 | 205 51 12 | 272 20 75°) 303 06 | 333 55 — 26 
151 53 426 218 22 4.50 273 38 tah 304 14 9 | 335 15 “Sol 
153 12 197 | 225 11 45 | 274 55 5 | 305 22 — 2) 336 35 ete 
154 32 5, | 229 32 14g | 276 12 1 55 | 306 29 , | 337 58 i? 
155 53 54/233 01 14, | 277 27 157 | 307 37 _ f| 339 21 20 
157 16 1 35)| 236 01 14, | 278 41 4.99 | 308 45 5 | 340 46 oe 
158 40 | 3, | 238 42 | 4. | 279 55 449 | 309 53 _ | 342 13 .. 
160 06 | 3/241 09 47/281 08 1°) 311 02 — 3 | 343 41 3s 
161 34 | 33 | 243 25 | 282 21 | 312 10 | g | 345 12 3 
163 03 1 34 | 245 33 | 45 | 283 33 ||, | 313 19 19 | 346 45 3. 
164 35 | 35/247 34 4 | 284 44 415 | 314 27 _), | 348 20 3 
166 09 / 35| 249 29 | 4, | 285 55 | 1 | 315 37 1, | 349 59 a 
167 45 37 | 251 20 | 59 | 287,06 | | 316 46 2 | 351 40 6 
169 24 | 34| 253 06 | 5.) 28816 | 15/317 56 57 | 353 25 Teo 
171 07 1 39 | 254 49 | 57 | 289 26 1 | 31906 | 355 14 
172 53 4) | 256 28 | 3, | 290 35 | | 320.17 _ 1, | 357 08 
174 44 | 4) | 258 04 5. | 291 44 | 4 | 321 28 | | 359 08 ae, 
176 39 | 45/259 38 37/292 58 | 2/322 40 | 14 
178 40 261 10 294 02 323 52 3 29 
+43 +33 +7 = 19 —45 
180 48 | 4), | 262 39 35/295 10 | 6/325 05 4) | 5 54 7 
183 04 264 07 296 18 326 18 8 32 
Q, which does not include refraction, is to be applied to the corrected sextant altitude of Polaris. 
Polaris: Mag. 2-1, S.H.A. 327° 53’, Dec. N. 89° 09/.2 
L.H.A. AZIMUTH OF POLARIS LH.A. Y 
300°- Latitude 120°- 
120° 0° ~=—- 30° 50° 55° 60° 65° 70° 300° 
300 0-8 1-0 1-3 gol -Seueio7 e205 300 
310 0-8 1-0 jie eli Wome bay) 2.0 2.4 290 
320 0:8 0-9 1:2 Elica #126 19 2.3 280 
330 0-7 0:8 4-1 Op1e2 gated 4-7 2 21 270 
340 0-6 0-7 1-0 gelol | ald 1:5 pel-8 260 
350 Oba 0-64 Sa 0-O el 0 12 1.5 250 
0 Dae OSM OP 0-7 740.8" | 0.9 1-2 240 
10 Oe ees eee 0-6 7 0:54|" 0:6. 0:8 230 
20 6-15 0:1 [RCo ee ere NET 220 
30 7 ear ea Wear see OO 210 
40 359-9 359-9 | 359-8 359-8 359-8 | 359-7 359-7 200 
50 359-7 359-7 | 359-6 359-5 359-5 | 359-4 359-2 190 
60 359-6 359-5 | 359-4 359-3 359-2 | 359-1 358-8 180 
70 359-5 359-4 | 359-2 359-1 359-0 | 358.8 358-5 170 
80 359-4 359-3 | 359-0 358-9 358-7 | 358-5 358.2 160 
90 359-3 359-2 | 358-9 358-8 358-6 | 358-3 357-9 150 
100 359-2 359-1 | 358-8 358-6 358-4 | 358-1 357-7 140 
110 359-2 359-0 | 358-7 358-6 358-3 | 358-0 357-6 130 
120 359-2 359-0 | 358-7 358-5 358-3 | 358-0 357-5 120 


When Cassiopeia is left (right), Polaris is west (east). 
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APPENDIX G: EXTRACTS FROM AIR ALMANAC 


CORRECTIONS TO BE APPLIED TO SEXTANT ALTITUDE 


REFRACTION 
To be subtracted from sextant altitude (referred to as observed altitude in A.P. 3270). 


Height above sea level in units of 1,000 ft. 


0 5, ele a oS ged 200 pees | 30 35 40 | 45 50 55 
x Sextant Altitude 
5 90 90 90 90 90 90 90 90 90 90 90 90 
: 63 59 55 51 46 41 36 31 26 20 17 13 
33 29 26 22 19 16 14 II 9 7 6 4 
*f 21 19 16 14 12 10 8 7 5 4 240 140 
. 16 14 12 10 8 9) 6 5 310| 220 130 040 
4 2 II 9 8 af 5 400 310 210] 130 039 +005 
5 10 9 7 550 450 350| 310 220 130] 049 +011 —OI19 
y 810 650 550| 450 400 300] 220 150 110] 024 —o11 —038 
d 650 550 500] 400 310 230] 150 120 038/+004 —028 —054 
600 510 410] 320 240 200] 3130 100 O19/—013 —042 —108 
. 520 430 340| 250 210 140] IIO 035 +003|—027 —053 —118 
ete 340 250| 220 140 I10| 037 +01I —O16|—043 —108 —1 31 
iv 330 250 210] 140 I10 034|+009 — 014 —0 37|—100 —1 23 —I1 44 
26 am7ine 210 140] TIO 037 +010]—013 —034 —053|—I114 —1 35 —156 
., eee 140 120] 043 +015 —008|—031 —052 —108|—127 —1 46 —205 
- 150 120 049|+023 —002 —026|—046 —106 —1 22|—139 —157 —214 
3s II2 044 +019|—006 —028 —048|—109 —127 —1 42|—-158 —214 —230 
an 034 +010 —013|—036 —055 —114|—1 32 —1 51 —206|—221I —234 —249 
+006 —016 —037|—059 —117 —I 33}—15I —207 —2 23] —237 —251 —304 
- —018 —037 —058|—116 —I 34 —149|—206 —222 —235|—249 —303 —316 
Fs —0 53 -114| —1 31 —1.47°-2.03|—2 18 —2 33. —2 47)| —2:59.—3 13, —3 25 
0 —I110 —128|—144 —159 —215|—228 —2 43 —256| —308 —322 —3 33 
—1 40 | —153 —209 —224|-—238 —252 —304|-317 —329 —341 
= —203 —218 —233|]—246 —301 —312|—325 —337 —3 48 
=2'53 3.07 F329 3:31 —3'42" = 3153 
f 0 5 10 15 20 25 30 35 40 45 50 55 
Temperature in °C 
on +47 +36 +27/ +18 +10 +3] —-—5 —I3 
426° +16 +6) —4 ,~-13 .—22] —31 e—40 For these heights no 
1-0 temperature correction 
= Spee! Wi LS) 2 5 30. ae 4011/8575 is necessary: take f=1-0 
pie 10 ena 25 Re 30 B40 A 58 Bre 71)| 83 Bos and use R=R, 
aie 45 Bes 5° OTe g 8 leg 95 


R=R,x f 
R, 
0-9 1-0 I-X 1-2 
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or the height 
is greater 
than 35,000 
ft. take f=1-0 
and use 
R=R, 


Choose the column appropriate to height, in units of 1,000 ft., and find the range of altitude in which the sextant 


altitude lies; the corresponding value of R, is the refraction, to be subtracted from sextant altitude, unless 
conditions are extreme. 


table on the right to form the refraction, R= R,xf. 


CORIOLIS (Z) CORRECTION 
To be applied by moving the position line a distance Z to starboard (right) of the track in northern latitudes 
and to port (left) in southern latitudes. The argument is given as T.A.S. (True Air Speed) in A.P. 3270, 


In that case find f from the lower table, with critical argument temperature. 


G/S 


Latitude 


KNOTS 


150 
206 
250 


300 


350 
400 


0° 10° 

¢ CA 
Co) I 
oO I 
oO I 
oO I 
(0) Zz 
Om 


20° 30°] 40° 50°| 60° 70° | 80° go° 


N NAY 


mh ww 


nner WwWNY, 


NOM PWWY 


Use the 


COND UNPwW, 


G/S Latitude 

KNOTS | 9° 39°] 20° 30°| 40° 50° | 60° 70°| 80° go° 
S458 4d, 450 OFZ) 4 Onis 9 10 Ir 12 12 
See Salt Sued 500 CEE ee YPN EL EGY Ge 363 || SRY are) 
ORS Oni Ome7, 550 Oer3e|) 5) 870) OaIigiet2 149\p14) 14 
i GN) we 3 600 ORT3) | Seon 10nt27 eras) 16816 
SeTOnomno 650 om 3 & 29) 10 13 15 165) 17927 
9 10|10 10|} 7oo | o 3| 6 9| 12 14 | 16 17 | 18 18 


APPENDIX G: EXTRACTS FROM AIR ALMANAC T2L7, 
CORRECTIONS TO BE APPLIED TO MARINE SEXTANT ALTITUDES 
oe ee eee eee 


MARINE SEXTANT CORRECTIONS CORRECTION FOR DIP OF THE HORIZON 


ERROR To be subtracted from sextant altitude 
ee ee eee 
Sextant Number In addition to sextant Ht. Dip | Ht. Dip | Ht. Dip | Ht Dip | Ht Dip 
error and dip, corrections 
are to be applied for: Ft. 7 | Ft , | Ft Ai as | eit: 
Index Error Refraction o 114 437 968 1 707 
Semi-diameter (for the ane 137 ei 481 ae I 033 I 792 a 
Sun and Moon) 6 Mise 162 |? 527 7 I @99 a 1880 4 
Parallax (for the Moon) m2 3 189 13 575 23 1168 33 I 43 
Dome refraction (if}] 32, 4 | 3:8 14 6 24 34 te 44 
applicable) 5 Is Ae 25 eke: 35 ik 45 
3t & | 250 <3 677 ee I3II 16 2155 6 
43 F 283 - 731 = I 386 3 2251 i‘ 
SB, pate 328 1g | 787 32 | 1463 Hh 2349 ee 
75 4 | 356 ‘a 845 ee ® 2449 * 
95 ae, eee ete 200 > | 1 624 2551 *9 
114 437 968 3° | 1707 + | 2655 5° 
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F3 (flap) Star list (57 stars) and G.H.A. interpolation tables 

F4 (flap) Interpolation of moonrise and moonset for longitude, and star index 

A1-A3 Title page, preface, etc. 
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A102 Conversion of arc to time 

A103 Polaris tables and dome refraction 

A104 Corrections for (total) refraction and Coriolis (Z) table 


Inside back cover 


Corrections to marine sextant observations 


APPENDIX H 


LONG-TERM ALMANAC 


This appendix is intended for use when a more complete almanac is not 
available. It is based principally upon the fact that approximately correct values for 
the Greenwich hour angle and declination of the sun, and the Greenwich hour 
angle of Aries, can be obtained from an almanac that is exactly four years out of 
date. The differences in these values at intervals of exactly four years can be 
largely removed by applying an average correction to the values obtained from the 
tables of this appendix. The maximum error in an altitude computed by means of 
this appendix should not exceed 2/0 for the sun or 1/8 for stars. 

This four-year, or quadrennial, correction varies throughout the year for the 
GHA of the sun (between about plus and minus one-half of a minute) and for the 
declination of the sun (between about plus and minus three-fourths of a minute). 
For the GHA of Aries the quadrennial correction is a constant, (+)1/84. The 
appropriate quadrennial correction is applied once for each full four years which 
has passed since the base year of the tabulation (1972 in this appendix). 

The tabulated values for GHA—175° and declination of the sun and GHA of 
Aries are given in four columns, labeled 0, 1, 2, and 3. The “0” column contains the 
data for the leap year in each four-year cycle and the 1, 2, and 3 columns contain 
data for, respectively, the first, second, and third years following each leap year. 

The GHA—175° and declination of the sun are given at intervals of three days 
throughout the four-year cycle, except for the final days of each month, when the 
interval varies between one and four days. Linear interpolation is made between 
entries to obtain data for a given day. Additional corrections to the GHA of the sun 
of 15° per hour, 15’ per minute, and 15” per second are made to obtain the GHA at 
a given time. Declination of the sun is obtained to sufficient accuracy by linear 
interpolation alone. 

The GHA of Aries is given for each month of the four-year cycle. Additional 
corrections of 0°59/14 per day, 15°02'5 per hour, 15’ per minute, and 15” per second 
are made to obtain the GHA at a given time. 

The SHA and declination of 38 navigational stars are given for the base year, 
1972.0. Annual (not quadrennial) corrections are made to these data to obtain the 
values for a given year and tenth of a year. 

A multiplication table is included as an aid in applying corrections to tabulated 
values. 

Sun tables. 1. Subtract 1972 from the year and divide the difference by four, 
obtaining (a) a whole number, and (b) a remainder. Enter column indicated by 
remainder (b) and take out values on either side of given time and date. 

2. Multiply quadrennial correction for each value by whole number (a) obtained 
in step 1 and apply to tabulated values plus 175°. 

3. Divide difference between corrected values by number of days (usually three) 
between them to determine daily change. 

4, Multiply daily change by number of days and tenths since 0" GMT of earlier 
tabulated date, and mark correction plus (+) or minus (—) as appropriate. 
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5. (GHA only.) Enter multiplication table with hours, minutes, and seconds of 
GMT, and take out corrections A, B, and C, respectively. These are all positive. 

6. Apply corrections of steps 4 and 5 to corrected earlier values of step 2. 
Oe ea GHA and declination of sun at GMT 17513™495 on July 18, 

Solution.—Steps 1 and 2: (2002—1972)+4=7, remainder 2. Use column 2, and 
multiply quadrennial corrections by 7. Corrected values: GHA, July 16, 
178°31°1+(7 X0/05)=178°31/5; July 19, 178°27/2+(7<0/06)=178°27'6. Dec., July 
16, 21°27/9N—(7 X0/41)=21°25/0N; July 19, 20°57/5N—(7 x 0/44)=20°54/4N. 


GHA Declination 
July 16 178°31/5 July 16 21°25'0 N 
July 19 178°27'6 July 19 20°54'4 N 
a NDE a Step 3 
3-day change (—)3/9 3-day change (—)30/6 
daily change (—)1/3 daily change (—)10/2 
days and 2.7 >» Step 4 days and tenths Pet Step 4 
tenths 
corre. (— 85 COrr en 21) 
A 255°00/0 0* July 16 21°25/0 N Step 6 
B_ 3°15/04¢ Step 5 Dec. 20°57'5 N 
C ea 
0" July 16 178°31/5 } Step 6 
GHA 76°55!2 


Aries table. 1. Subtract 1972 from the year and divide the difference by four, 
obtaining (a) a whole number, and (6) a remainder. Enter column indicated by 
remainder (6) and take out value for given month. 

2. Enter multiplication table with whole number (a) of step 1, day of month, 
hours of GMT, minutes of GMT, and seconds of GMT, and take out corrections D, E, 
F, G, and C, respectively. 

3. Add values of steps 1 and 2. 

Example.—Find GHA °° at GMT 11506™33* on November 28, 1995. 

Solution.—Step 1: (1995—1972)+4=5, remainder 3. Use column 3. 


GHA 
Nov. 38°40/6 } ¢ Step 1 
D 9/2 
E 27°35/9 
F 165°27/1 Step 2 
(7 eeetes0 2 
C Be 
(SHA GY 82333162 Step 3 


Stars table. 1. Enter table with star name, and take out tabulated values. 
2. Subtract 1972.0 from given year and tenth, and multiply annual correction 
by difference. Apply as correction (+-or—, as appropriate) to value of step 1. 
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Example.—Find SHA and declination of Spica on September 11, ZO 
Solution.—From decimal table, September 11, 2011 = 2011.7. 2011.7 — 1972.0 =39.7. 


Declina- 
SHA tion 
1972.0 159°04/3| Step I 1972.0 11°01/0 Ss} Step 1 
39.7«(—)0/79 (—)81'4 39.70.31 (+)12/3 


Step 2 \ Step 2 
SHA amare He Dec. 11°13/3 S of, 


To determine GHA of star, add GHA Y and SHAy¢ for given time and date. 
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APPENDIX I 


IDENTIFICATION OF NAVIGATIONAL STARS 


Introduction.—The following summary is not intended as a substitute for a 
star finder such as No. 2102-D, or of a knowledge of the heavens, but is given as a 
supplementary reference to assist in locating the 57 stars included in the main 
listing in the Nautical Almanac, plus Polaris. The observer is assumed to be at 
about the average latitude of the United States, unless another latitude is indicated. 
If a celestial body is said to be east of another, it is lower in the sky if both are 
rising and higher if both are setting. A body north of another is nearer the north 
celestial pole. Directions refer to great circles on the celestial sphere. Figures 
referred to are the star charts of chapter XXII, which should be of assistance in 
interpreting the descriptions given. It is assumed the reader is familiar with such 
well-known configurations as the Big Dipper and Orion. Constellation names are 
given in italics. 

Acamar crosses the celestial meridian near the southern horizon during 
evening twilight in February, and during morning twilight in August. It is part of 
the constellation Eridanus, the river, which is not a striking configuration. It is the 
faintest star listed among the 57 in the almanac, but is the brightest in its immedi- 
ate vicinity. The nearest bright star is Achernar, about 20° away in a generally 
southwesterly direction. Dec. 40°S, SHA 316°, mag. 3.1. Fig. 2205. 

Achernar, at the southern end of the inconspicuous constellation Eridanus, the 
river, is one of the brightest stars of the Southern Hemisphere. It is not visible 
north of latitude 33°N. It crosses the celestial meridian during evening twilight in 
January, and during morning twilight in early August. Nearly a straight line is 
formed by Fomalhaut, about 40° WNW; Achernar; and Canopus, about the same 
distance in the opposite direction. However, since these stars are widely separated, 
the relationship is not striking. Achernar forms large triangles with Acamar and 
Ankaa, Ankaa and Al Na’ir, and with Al Na’ir and Peacock. Dec. 57°S, SHA 336°, 
mag. 0.6. Fig. 2205. 

Acrux is the brightest and most southerly star in the famed Southern Cross. It 
is not visible north of latitude 27°N. It crosses the celestial meridian during evening 
twilight in early June and during morning twilight in January. It is about 15° 
WSW of first magnitude Hadar and Rigil Kentaurus. Dec. 63°S, SHA 17 4°, mag. 1.1. 
Fig 2207: 

Adhara. About 10°S and a little to the east of Sirius is a small, approximately 
equilateral triangle of three second magnitude stars. Adhara is the westernmost 
and brightest of the three. It crosses the celestial meridian to the south during 
evening twilight in March, and during morning twilight in October. Dec. 29°S, SHA 
256°, mag. 1.6. Fig. 2206. 

Aldebaran. If the line formed by the belt of Orion, the hunter, is extended 
about 20° to the northwestward, and curved somewhat toward the north, it leads to 
first magnitude Aldebaran in Taurus, the bull. This is a group of stars forming a V. 
A long, curving line starting at Sirius extends through Procyon, Pollux, Capella, 
and Aldebaran. Dec. 16°N, SHA 291°, mag. 1.1. Fig. 2206. 
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Alioth is the third star from the outer end of the handle of the Big Dipper, and 
the brightest star of the group. Dec. 56°N, SHA 167°, mag. 1.7. Fig. 2207. 

Alkaid is the star at the outer end of the handle of the Big Dipper, farthest 
from the bowl. It is the second brightest star of the group. Dec. 49°N, SHA 153°, 
mag. 1.9. Fig. 2207. 

Al Na’ir is the westernmost of two second magnitude stars of nearly equal 
brightness about midway between first magnitude Fomalhaut, approximately 20° to 
the northeast, and second magnitude Peacock, about the same distance in the 
opposite direction. A curved line extending eastward from the Southern Cross 
passes through Hadar and Rigil Kentaurus and, if extended with less curvature, 
leads first to Peacock and then to Al Na’ir. This star forms triangles with Fomal- 
haut and Ankaa, Ankaa and Achernar, and with Achernar and Peacock. It is not 
visible north of latitude 43°N. It crosses the celestial meridian during evening 
twilight early in December, and during morning twilight in June. Dec. 47°S, SHA 
28°, mag. 2.2. Figs. 2205, 2208. 

Alnilam is the middle star of the belt of Orion, the hunter. Dec. 1°S, SHA 276°, 
mag. 1.8. Fig. 2206. 

Alphard, a second magnitude star, is the brightest in the inconspicuous constel- 
lation Hydra, the water monster. The nearest bright star is first magnitude Regu- 
lus, about 20° NNE. It is about midway between the horizon and zenith when it 
crosses the celestial meridian to the southward during evening twilight in late 
April, and during morning twilight in November. Dec. 9°S, SHA 218°, mag. 2.2. Fig. 
rep § 

Alphecca is the brightest star of Corona Borealis, the Northern Crown, about 
20° ENE of first magnitude Arcturus. It forms a triangle with Arcturus and Alkaid. 
It crosses the celestial meridian near the zenith during evening twilight in July, 
and during morning twilight in February. Dec. 27°N, SHA 127°, mag. 2.3. Figs. 2207, 
2208. 

Alpheratz, a second magnitude star, is at the northeast corner of the great 
square of Pegasus, the winged horse, and is the brightest of the four stars forming 
the square. It crosses the celestial meridian near the zenith during evening twilight 
early in January, and during morning twilight in July. Dec. 29°N, SHA 358°, mag. 
2.2. Fig. 2205. 

Altair is at the southern vertex of a large, nearly right triangle which is a 
conspicuous feature of the evening sky in late summer and in autumn. The right 
angle is at Vega and the northern vertex is at Deneb. All three are first magnitude 
stars. Two fainter stars close to Altair, one on each side in a line through Vega, 
form a characteristic pattern making Altair one of the easiest stars to identify. It 
crosses the celestial meridian during evening twilight in October, and during morn- 
ing twilight in May. Dec. 9°N, SHA 63°, mag. 0.9. Fig. 2208. 

Ankaa, a second magnitude star, is the brightest star in inconspicuous Phoenix. 
It is surrounded by and forms a series of triangles with Diphda, Fomalhaut, Al 
Na’ir, Achernar, and Acamar. It crosses the celestial meridian low in the southern 
sky in January, and during morning twilight in July. Dec. 42°S, SHA 354°, mag. 2.4. 
Fig. 2205. } 

Antares is the brightest star in the conspicuous constellation Scorpio, the 
scorpion, which is low in the southern sky during evening twilight in late July, and 
morning twilight in late February. No other first magnitude star is within 40° of 
Antares and none toward the north is within 60°. It has a noticeable reddish hue 
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and in appearance somewhat resembles Mars, which is occasionally near it in the 
sky. Dec. 26°S, SHA 113°, mag. 1.2. Fig. 2208. 

Arcturus. The curved line along the stars forming the handle of the Big Dipper, 
if continued in a direction away from the bowl, passes through brilliant, first 
magnitude Arcturus. The distance from Alkaid, at the end of the Big Dipper, to 
Arcturus is a little more than the length of the dipper. Arcturus forms a large 
triangle with Alkaid and Alphecca. Dec. 19°N, SHA 146°, mag. 0.2. Figs. 2207, 2208. 

Atria is the brightest of three stars forming a small triangle called Triangulum 
Australe, the southern triangle, not far from the south celestial pole. It is not seen 
north of latitude 21°N. A line through the east-west arm of the Southern Cross, if 
continued toward the east and curved somewhat toward the south, leads first to 
Hadar, then to Rigil Kentaurus, then, by curving more sharply, to the northern- 
most star of the triangle, and finally to Atria, only about 21° from the south 
celestial pole. Dec. 69°S, SHA 108°, mag 1.9. Fig. 2207. 

Avior is the westernmost star of Vela, the sails, or false southern cross, about 
30° WNW of the true Southern Cross, about 15° ESE of the brilliant Canopus, and 
nearly enclosed within a large triangle formed by Canopus, Suhail, and Miaplaci- 
dus. It is not visible north of latitude 31°N. Below this, it crosses the celestial 
meridian low in the southern sky during evening twilight in April, and morning 
twilight in early November. Dec. 59°S, SHA 234°, mag. 1.7. Figs. 2206, 2207. 

Bellatrix is a second magnitude star north and a little west of the belt of Orion, 
the hunter. It is about equidistant from the belt and first magnitude, red Betel- 
geuse. Bellatrix is at the northwest corner of a box surrounding the belt of Orion. 
Dec. 6°N, SHA 279°, mag. 1.7. Fig. 2206. 

Betelgeuse is a conspicuous, reddish star of variable brightness about 10° north 
and a little east of the belt of Orion, the hunter. A line through the center of the 
belt and perpendicular to it passes close to red Betelgeuse to the north and blue 
Rigel about the same distance south of the belt. Betelgeuse and Rigel are at 
opposite corners of a box surrounding the belt of Orion. Dec. 7°N., SHA 272°, mag. 
0.1-1.2 (variable). Fig. 2206. 

Canopus, second brightest star in the sky, is about 35° south of Sirius. A line 
extending eastward through the belt of Orion and curving toward the south passes 
first through Sirius, then through the small triangle of which Adhara is the 
brightest star, and finally to Canopus, which forms a large, almost equilateral 
triangle with Suhail and Miaplacidus. This triangle nearly encloses Vela, the sails 
or false southern cross, about 20° ESE of Canopus. Canopus is not visible north of 
latitude 37°N. It is on the edge of the Milky Way and while many relatively bright 
stars are nearby, none in the immediate vicinity of Canopus approaches it in 
brightness. Dec. 53°S, SHA 264°, mag. (—)0.9. Fig. 2206. 

Capella is a brilliant star about 45° north of the belt of Orion, the hunter. A 
curved line starting at Sirius and extending through Procyon, Pollux, Capella, 
Aldebaran, the belt of Orion, and back to Sirius forms an inverted tear-drop figure 
with Capella at the top and the various parts being about equally spaced along the 
curve. Capella crosses the celestial meridian near the zenith during evening twi- 
light in early March, and during morning twilight in late September. Dec. 46°N, 
SHA 281°, mag. 0.2. Fig. 2206. 

Deneb is a bright star at the northeastern vertex of a large, nearly right 
triangle formed by Altair, Vega, and Deneb, the right angle being at Vega. These 
three stars are the brightest in the eastern sky during summer evenings. Deneb is 
not as bright as the other two, but is the brightest star in the constellation Cygnus, 
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the swan. It crosses the celestial meridian near the zenith during evening twilight 
in November, and during morning twilight in late May. Dec. 45°N, SHA 50°, mag. 
1.3. Fig. 2208. 

Denebola, in Leo, the lion, is a second magnitude star at the opposite end of the 
constellation from Regulus. A straight line from Regulus, on the west, to Arcturus, 
on the east, passes close to Denebola, which is somewhat nearer Regulus. Denebola 
crosses the celestial meridian to the south during evening twilight in May, and 
during morning twilight in December. Dec. 15°N, SHA 183°, mag. 2.2. Fig. 2207. 

Diphda. A line extending southward through the eastern side of the great 
square of Pegasus, the winged horse, and curving slightly toward the east, leads to 
second magnitude Diphda. The distance from the southern star of Pegasus to 
Diphda is about twice the length of one side of the square. Diphda is part of the 
inconspicuous constellation Cetus, the whale. The only nearby first magnitude star 
is Fomalhaut, about 25° in a generally southwest direction. Diphda, Fomalhaut, and 
Ankaa form a nearly equilateral triangle. Dec. 18°S, SHA 349°, mag. 2.2. Fig. 2205. 

Dubhe forms the outer rim of the bowl of the Big Dipper. It and Merak (not 
one of the 57 navigational stars) are the two “pointers” used to locate Polaris, 
Dubhe being the one nearer the Pole Star. Dec. 62°N, SHA 194°, mag. 2.0. Fig. 2207. 

Elnath is a second magnitude star between Capella, about 15° to the north, and 
Betelgeuse, about 20° to the south. It is a little north of a line connecting Aldebaran 
and Pollux. It is at the end of the northern fork of V-shaped Taurus, the bull. 
Aldebaran is the principal star at the closed end of the V. This constellation is 
approximately 25° NNW of Orion, the hunter. Dec. 29°N, SHA 279°, mag. 1.8. Fig. 
2206. 

Eltanin is the southernmost and brightest star in the inconspicuous constella- 
tion Draco, the dragon, south and somewhat east of the Little Dipper. A straight 
line extending northwestward through Altair and its two fainter companions passes 
first through brilliant Vega, and, about 15° beyond, to second magnitude Eltanin. 
Eltanin crosses the celestial meridian high in the sky toward the north during 
evening twilight in early September, and during morning twilight in late March. 
Dec. 51°N, SHA 91°, mag. 2.4. Fig. 2208. 

Enif is a third magnitude star approximately midway between Altair, about 25° 
west, and Markab, about 20° ENE. From Markab, at the southwestern corner of the 
great square of Pegasus, the winged horse, a line extending in a generally west- 
southwesterly direction passes through two almost equally spaced fourth magnitude 
stars. From the second of these, a line about 5° long extending in a northwesterly 
direction leads to Enif. Enif crosses the celestial meridian to the south during 
evening twilight in November, and during morning twilight in June. Dec. 10°N, 
SHA 34°, mag. 2.5. Figs. 2205, 2208. 

Fomalhaut is a first magnitude star well separated from stars of comparable 
brightness and from conspicuous configurations. A line through the western side “a 
the great square of Pegasus, the winged horse, and extended about 45 toward e 
south passes close to Fomalhaut, which forms two large, nearly equilateral i eo? es 
with Diphda and Ankaa and with Ankaa and Al Na’ir. Dec. 30°S, SHA 16°, mag. 
ra Pe reore the northernmost star of the Southern Cross. It is bright for a S ontts 
magnitude star, but its brilliance is overshadowed by the brighter B Crucis (no 

i igati 1 stars) and Acrux, the two brightest stars of the 
listed among the 57 navigationa rs j i ey 
Southern Cross, and by Hadar and Rigil Kentaurus, about 15° ESE. acrux Cross 
the celestial meridian during evening twilight in early June, and during morning 
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twilight in late December, but is not visible north of latitude 33°N. Dec. 57°S, SHA 
173°, mag. 1.6. Fig. 2207. 

Gienah is a third magnitude star, the brightest in the constellation Corvus, the 
crow. A long, sweeping arc starting with the handle of the Big Dipper and extend- 
ing successively through Arcturus and Spica leads to this relatively small, four- 
sided figure made up of third magnitude stars. Gienah is at the northwest corner. It 
crosses the celestial meridian during evening twilight in late May, and during 
morning twilight in December. Dec. 17°S, SHA 176°, mag. 2.8. Fig. 2207. 

Hadar is a first magnitude star about 10° east of the Southern Cross, and about 
5° west of Rigil Kentaurus, the brightest of several bright stars in this part of the 
sky. Dec. 60°S, SHA 149°, mag. 0.9. Fig. 2207. 

Hamal is the brightest star of the inconspicuous constellation Aries, the ram. A 
line through the center of the great square of Pegasus, the winged horse, extended 
about 25° east, and curved slightly toward the north, leads to Hamal. It is over the 
meridian to the south during evening twilight in January, and during morning 
twilight in August. Dec. 23°N, SHA 829°, mag. 2.2. Fig. 2205. 

Kaus Australis is near the southern end of a group of second and third 
magnitude stars forming the constellation Sagittarius, the archer, about 25° ESE of 
Antares, in Scorpio, the scorpion. It is about 10° SW of Nunki, also in Sagittarius, 
and about the same distance ENE of Shaula, in Scorpio. With Antares, Sabik, and 
Nunki, it forms a large, poorly defined box. It is over the meridian to the south 
during evening twilight in September and during morning twilight in April. Dec. 
34°S, SHA 84°, mag. 2.0. Fig. 2208. 

Kochab forms the outer rim of the bowl of the Little Dipper, at the opposite 
end from Polaris, about 15° north. It is directly above the pole during evening 
twilight in early July and during morning twilight in January; and directly below 
the pole, low in the northern sky, during evening twilight of early February and 
morning twilight of late August. Dec. 74°N, SHA 187°, mag. 2.2. Fig. 2208. 

Markab is the star at the southwest corner of the great square of Pegasus, the 
winged horse, at the opposite corner from Alpheratz. It is over the celestial meridi- 
an to the south during evening twilight in December, and during morning twilight 
late in June. Dec. 15°N, SHA 14°, mag. 2.6. Fig. 2205. 

Menkar is a third magnitude star at the eastern end of the inconspicuous 
constellation Cetus, the whale. No bright stars are nearby. A straight line from 
Aldebaran extending about 25° in the direction indicated by the point of the V of 
Taurus, the bull, leads to Menkar. A long, straight line from Fomalhaut east- 
northeastward through Diphda, and extended about 40°, leads to Menkar. It crosses 
the celestial meridian during evening twilight in February, and during morning 
twilight in August. Dec. 4°N, SHA 815°, mag. 2.8. Figs. 2205, 2206. 

Menkent is a second magnitude star about 25° north of Hadar and about 30° 
northeast of the Southern Cross. A line from Gienah across the opposite corner of 
the small, four-sided Corvus, the crow, and then curving a little toward the east, 
leads to Menkent. A number of third magnitude stars are nearby, but they do not 
form a conspicuous configuration. With Antares and Rigil Kentaurus, Menkent 
forms a large triangle. It crosses the celestial meridian low in the southern sky 
during evening twilight in late June and during morning twilight in early January. 
Dec. 36°S, SHA 149°, mag. 2.3. Figs. 2207, 2208. 

Miaplacidus is a second magnitude star about 10° south of the false southern 
cross. It is the nearest of the 57 navigational stars to the south celestial pole, about 
20° away, and is not visible north of latitude 20°N. With Suhail and brilliant 
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Canopus it forms a large, nearly equilateral triangle almost enclosing the false 
southern cross. South of latitude 20°S, it does not set, but circles the south celestial 
pole ina clockwise direction, reaching its maximum altitude above the pole during 
evening twilight in early May and during morning twilight in November. Dec. 70°S, 
SHA 222°, mag. 1.8. Figs. 2206, 2207. 

Mirfak is a second magnitude star at the northeastern end of a gently curving 
line extending in a northeasterly direction from Alpheratz at the northeastern 
corner of the great square of Pegasus, the winged horse, through two other second 
magnitude stars, Mirach and Almach, not included among the 57 navigational 
stars. Mirfak is about 25° east and a little south of Cassiopeia, and about 20° WNW 
of Capella. A line from Kochab through Polaris, and curved slightly toward the 
east, leads to Mirfak. Dec. 50°N, SHA 309°, mag. 1.9. Figs. 2205, 2206. 

Nunki is the more northerly of the two brightest stars of a group of second and 
third magnitude stars forming the constellation Sagittarius, the archer, about 30° E 
of Antares. It is about 10° NE of Kaus Australis, also in Sagittarius. With Sabik, 
Antares, and Kaus Australis, it forms a large, poorly defined box. It is over the 
meridian to the south during evening twilight in early October and during morning 
twilight in April. Dec. 26°S, SHA 77°, mag. 2.1. Fig. 2208. 

Peacock, the brightest star in the southern constellation of the same name, is 
not a part of a conspicuous configuration of stars. A curved line extending eastward 
from the Southern Cross passes through Hadar and Rigil Kentaurus and, if ex- 
tended with less curvature, leads to Peacock, about 30° southeast of Scorpio, the 
scorpion, and about 20° southwest of Al Na’ir. With Al Na’ir and Achernar it forms 
a large, poorly defined triangle. It crosses the celestial meridian during evening 
twilight in early November, and during morning twilight in late May, but is not 
visible north of latitude 33°N. Dec. 57°S, SHA 54°, mag. 2.1. Figs. 2205, 2208. 

Polaris is not listed among the 57 navigational stars, but is treated separately 
because it is less than 1° from the north celestial pole. It is about midway between 
the Big Dipper and Cassiopeia. A line through Dubhe and Merak (not one of the 57 
navigational stars), the pointers forming the outer side of the bowl of the Big 
Dipper, if extended northward for about 30°, leads almost directly to Polaris. A line 
extending north from Alpheratz at the northwest corner of the great square of 
Pegasus, the winged horse, passes through Caph (not one of the 57 navigational 
stars) in Cassiopeia and then Polaris at about equal intervals. Dec. 89°N, SHA 328°, 
mag. 2.1. Figs. 2205-2208. 

Pollux is the brighter of the “twins of Gemini,” two relatively bright stars 
about 45° NE of Orion, the hunter, and about 45° ENE of Aldebaran. A curved line 
starting at Sirius extends through Procyon, Pollux, and Capella, all first magnitude 
stars. Dec. 28°N, SHA 244°, mag. 1.2. Fig. 2206. 

Procyon is a bright star about 30° east of Orion, the hunter. A curved line 
starting at Sirius extends through Procyon, Pollux, and Capella, all first magnitude 
stars. Dec. 5°N, SHA 245°, mag. 0.5. Fig. 2206. _ . 

Rasalhague forms a large, nearly equilateral triangle with Altair and Vega, 
Rasalhague being at the western vertex. Both of the other stars are considerably 
brighter than Rasalhague. It crosses the celestial meridian to the south during 
evening twilight in early September, and during morning twilight in late March. 
Dec. 13°N, SHA 97°, mag. 2.1. Fig. 2208. 

Regulus is at the opposite end of Leo, the lion, from Denebola, and is the 
brightest star of the constellation. A line through Dubhe and Merak (not one of the 
57 navigational stars), the pointers by which Polaris is usually identified, extended 
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about 45° southward, and curved slightly toward the west, leads to Regulus, which 
forms the southern end of the handle of the Sickle, part of Leo. Dec. 12°N, SHA 
208°s mage 1:3) Fige2207% 

Rigel is a brilliant bluish star about 10°S and a little to the west of the belt of 
Orion, the hunter. A line through the center of the belt and perpendicular to it 
passes close to blue Rigel to the south and red Betelgeuse about the same distance 
north of the belt. Rigel and Betelgeuse are at opposite corners of a box surrounding 
the belt of Orion. Dec. 8°S, SHA 282°, mag. 0.8. Fig. 2206. 

Rigil Kentaurus is the brighter and more easterly of two first magnitude stars 
about 15° east of the Southern Cross. It is over the meridian during evening 
twilight in early July, and during morning twilight in late January, but is not 
visible north of latitude 29°N. Dec. 61°S, SHA 141°, mag. 0.1. Figs. 2207, 2208. 

Sabik is part of the inconspicuous constellation Ophiuchus, the serpent holder, 
‘about 20° north of Scorpio, the scorpion. With Antares, Kaus Australis, and Nunki, 
it forms a large, poorly defined box in the southern sky on summer evenings. Sabik 
crosses the celestial meridian during evening twilight in August, and during morn- 
ing twilight in March. Dec. 16°S, SHA 103°, mag. 2.6. Fig. 2208. 

Schedar is the southernmost star of the W (or M) of Cassiopeia, on the opposite 
side of Polaris from the Big Dipper. It is the second star from the leading edge of 
this configuration as it circles the north celestial pole. Dec. 56°N, SHA 350°, mag. 
2.5. Figs. 2205, 2206, 2208. 

Shaula is a second magnitude star marking the end of the tail of Scorpio, the 
scorpion, at the opposite end from Antares. This constellation is low in the southern 
sky on summer evenings. Shaula is about 15° southeast of Antares and about 10° 
WSW of Kaus Australis. It crosses the celestial meridian during evening twilight in 
early September, and during morning twilight in March. Dec. 37°S, SHA 97°, mag. 
1.7. Fig. 2208. 

Sirius, the brightest star in the heavens, is in the constellation Canis Major, 
the “large dog” of Orion, the hunter. The line formed by the belt of Orion, if 
extended about 20° to the eastward and curved toward the south, leads to Sirius. 
Dec. 17°S, SHA 259°, mag. (—)1.6. Fig. 2206. 

Spica is the brightest star of Virgo, the virgin, an inconspicuous constellation 
on the celestial equator to the south during evening twilight in early summer. The 
curved line along the stars forming the handle of the Big Dipper, if continued in a 
direction away from the pointers, passes through Arcturus and then Spica. The 
distance between Alkaid, at the end of the Big Dipper, and Arcturus is about the 
same as that between Arcturus and Spica, and is a little more than the length of 
the Big Dipper. Spica crosses the celestial meridian during evening twilight in 
June, and during morning twilight late in December. Dec. 11°S, SHA 159° mags 122 
Fig. 2207. 

Suhail is one of a number of second magnitude stars extending along the Milky 
Way between Sirius and the Southern Cross. It is about 10° north of the false 
southern cross, which is nearly enclosed by a large, nearly equilateral triangle 
formed by Suhail, Canopus, and Miaplacidus. Canopus and Suhail are on opposite 
edges of the Milky Way, with a number of second magnitude stars between them. A 
straight line extending eastward through the east-west arm of the Southern Cross 
leads to Suhail, about 35° away. In the southern United States, Suhail crosses the 
celestial meridian near the southern horizon during evening twilight in April, and 
during morning twilight in November. Dec. 43°S, SHA 223°, mag. 2.2. Figs. 2206, 
2207. 
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Vega is the brightest star north of the celestial equator, and the third brightest 
in the entire sky. It is at the western vertex and the nearly right angle of a large 
triangle which is a conspicuous feature of the evening sky in late summer and in 
autumn. The other two stars of the triangle are Altair and Deneb, both of the first 
magnitude. Vega passes through the zenith approximately at latitude 38°45'N 
during evening twilight in September and during morning twilight in April. Dec. 
39°N, SHA 81°, mag. 0.1. Fig. 2208. 

Zubenelgenubi, a third magnitude star, is the southern (or western) basket of 
Libra, the balance. The boxlike Libra is about 25° WNW of Antares, in Scorpio, the 
scorpion. A long line extending eastward from Alphard, between Gienah and Spica, 
leads to Zubenelgenubi. Dec. 16°S, SHA 138°, mag. 2.9. Figs. 2207, 2208. 


APPENDIX J 
NAVIGATIONAL STARS AND THE PLANETS 


Name Pronunciation Bayer name pore Meaning of name oe 
Acamar a’kad-mar 6 Eridani Arabic another form of Achernar 120 
Achernar a/kér-ngr a Eridani Arabic end of the river (Eridanus) 72 
Acrux a’/kriks a Crucis Modern | coined from Bayer name 220 
Adhara a-da/ra e Canis Majoris Arabie the virgin(s) 350 
Aldebaran 4] déb’a-ran a Tauri Arabic follower (of the Pleiades) 64 
Alioth Al’/1-6th e Ursa Majoris Arabic another form of Capella } 49 
Alkaid Al-kad’ n Ursa Majoris Arabic leader of the daughters of the bier 190 
Al Na’ir Al-nar’ a Gruis Arabic bright one (of the fish’s tail) 90 
Alnilam Al/niJaém e Orionis Arabic string of pearls 410 
Alphard al’fard a Hydrae Arabic solitary star of the serpent 200 
Alphecca 4l-fek’a a Corona Borealis Arabic feeble one (in the erown) 76 
Alpheratz Al-f6’rats a Andremeda Arabic the horse’s navel 120 
Altair l-tar’ a Aquilae Arabic flying eagle or vulture 16 
Ankaa §n/k& a Phoenicis Arabie coined name 93 
Antares 4n-ta/réz « Scorpii Greek rival of Mars (in color) 250 
Arcturus §rk-ti’/ras a Bootis Greek the bear’s guard 37 
Atria St’ri-a a Trianguli Australis | Modern | coined from Bayer name 130 
Avior a/vi-Or e Carinae Modern | coined name 350 
Bellatrix bé-18/triks . y Orionis Latin female warrior 250 
Betelgeuse bét’él-juz a Orionis Arabic the arm pit (of Orion) 300 
Canopus ka-no’pis a Carinae Greek city of ancient Egypt 230 
Capella ka-pél’a a Aurigae Latin little she-goat 46 
Deneb dén’éb . a Cygni Arabic tail of the hen 600 
Denebola dé-néb’0.la B Leonis Arabic tail of the lion 42 
Diphda dif’da 8 Ceti Arabic the second frog (Fomalhaut was once 57 

the first) 
Dubhe dtb’6 a Ursa Majoris Arabic the bear’s back 100 
Elnath él/nath B Tauri Arabic one butting with horns 130 
Eltanin é]-ta/nin y Draconis Arabic head of the dragon 150 
Enif én/if e Pegasi Arabic nose of the horse 250 
Fomalhaut fo/mal.6t a Piscis Austrini Arabic mouth of the southern fish 23 
Gacrux ga’kriks y Crucis Modern | coined from Bayer name 72 
Gienah jé/na y Corvi Arabic right wing of the raven 136 
Hadar ha’dar B Centauri Modern | leg of the centaur 200 
Hamal him/’al a@ Arietis Arabic full-grown lamb 76 
Kaus Australis kés 6s-tra‘lis e Sagittarii Aneel, southern part of the bow 163 
Kochab k6’k: 8 Ursa Minoris Arabic shortened form of ‘‘north star’ (named 100 
when it was that, c. 1500 BC-AD 300) 
Markab mgr’kab a Pegasi Arabic saddle (of Pegasus) 100 
Menkar mén’kar a Ceti Arabic nose (of the whale) 1, 100 
Menkent mén’/ként 6 Centauri Modern | shoulder of the centaur 55 
Miaplacidus mi’a-plas’i-das 8 Carinae Ar.. L quiet or still waters 86 
Mirfak mir’fak a Persei Arabic elbow of the Pleiades 130 
Nunki nun’ké o Sagittarii Bab. constellation of the holy city (Eridu) 150 
Peacock pé’/k6k a Pavonis Modern | coined from English name of con- 250 
A stellation 
Polaris po-1a’ris a Ursa Minoris Latin the pole (star) 450 
Pollux pol’aks 8 Geminorum Latin Zeus’ other twin son (Castor, a Gemi- oe 
norum, is first twin) 
Procyon pro’si-6n a Canis Minoris Greek before the dog (rising before the dog ii 
star, Sirius) 
Rasalhague ras’a]-ha’gw6é a Ophiuché Arabic head of the serpent charmer 67 
Regulus rég’0-lis a Leonis Latin the prince 67 
Rigel ri‘jél 8 Orionis Arabic foot (left foot of Orion) 500 
Rigil Kentaurus | ri‘jil kén-t6/ris a Centauri Arabic foot of the centaur 4.3 
Sabik sa/bik 7 Ophiuchi Arabic second winner or conqueror 69 
Schedar shéd’ar a Cassiopeiae Arabic the breast (of Cassiopeia) 360 
Shaula sho’la » Scorpii Arabic cocked-up part of the scorpion’s tail 200 
Sirius sir/i-tés a Canis Majoris Greek the eee one (popularly, the dog 8.6 
Star 
Spica spi’ka a Virginis Latin the ear of corn 155 
Suhail s00-hal’ > Velorum Arabic shortened form of Al Suhail, one 200 
Lae Arabic name for Canopus 
Vega : vyolcesnan Ja a Lyrae Arabic the falling eagle or vulture 27 
Zubenelgenubi 200: bén’él-jé-nt’/bé a Librae Arabic southern claw (of the scorpion) 66 
PLANETS 
SS SS SSS Se 
Name Pronunciation Origin of name Meaning of name 
Mercury mdur’ku-ri Latin god of commerce and gain 
Venus vé/nus Latin goddess of love 
Earth arth Mid. Eng. — 
Mars mira Latin god of war 
Jupiter j00’pi-tér Latin god of the heavens, identified with the Greek Zeus, chief of the 
Olympian gods 
Saturn sat’érn Latin god of seed-sowing 
Uranus u‘rad-nus Greek the personification of heaven 
Neptune nép’tun Latin. god of the sea 
Pluto ploo’to Greek god of the lower world (Hades) 


Guide to pronunciations: 
fate, Add, final, last, abound, arm; ba, énd, camél, readér; ice, bit, animal; over, poetic, hét, lord, mdon; tiibe, dinite, tib, 
circés, Grn : : 
*Distances in light-years. One light-year equals approximately 63,300 AU, or 5,880,000,000,000 miles. Authorities differ on.dis- 
tances of the stars; the values given are representative. 


1232 


Name 


Pronunciation 


APPENDIX K 
CONSTELLATIONS 


Genitive 


Pronunciation 


Meaning 


Navigational stars or 
approximate position 


Andromeda* 


Antlia 

Apus 

Aquarius (=)* 
Aquila* 

Ara* 

Aries (1)* 
Auriga* 
Bootes* 
Caelum 
Camelopardalis 
Cancer (535)* 
Canes Venatici 


Canis Major* 
Canis Minor* 
Capricornus (V5) 
Carina** 


Cassiopeia* 
Centaurus* 
Cepheus* 


Cetus* 
Chamaeleon 
Circinus 
Columba 
Coma Berenices 
Corona 
Australis* 
Corona 
Borealis* 
Corvus* 
Crater* 
Crux 
Cygnus* 
Delphinus* 
Dorado 
Draco* 
Equuleus* 
Eridanus* 
Fornax 
Gemini (II)* 
Grus 
Hercules* 


Horologium 


An-drém’:é-dé 


Ant’li-a 

a’ptis 

a-kwiar'i-tis 
Ak’wi-la 

ara 

a’ri-éz 

6-ri’ga 

bo-d’téz 

séim 
ka-mél’6-par/dé-lis 
k&n/sér 

ka’néz vé-nat’i-si 


ka’nis ma’jér 
ka/nis mi/nér 
k&p’ri-kor/nus 


ka@-ri’/nd@ 


kds’I-6-pé/ya 
sén-to/riis 
sé’fus 


sé’tis 
ka-mé/lé-tin 
sur’si-nis 
k0-liim/bé 

k6o’md bér-é-ni’séz 
k6.rd/né 6s-tra’lis 


k6-rd/nd bo’ré-8’ 
lis 
kor’vus 
kra’/tér 
kruks 
sig’nis 
dél-fi/nas 
dé-ri/dé 
dra’k6 
é-kw6o'lé-ts 
é-rid’a-nts 
for’naks 
jém‘i-ni 
grus 
har’ku-léz 


hor’6-16/jl-m 


Andromedae 


Antliae 
Apodis 
Aquarii 
Aquilae 
Arae 
Arietis 
Aurigae 
Bootis 
Caeli 
Camelopardalis 
Cancri 


| Canum Venati- 


corum 
Canis Maijoris 
Canis Minoris 
Capricorni 
Carinae 


Cassiopeiae 
Centauri 
Cephei 


Ceti 
Chamaeleontis 
Circini 

Columbae 

Comae Berenices 
Coronae Australis 


Coronae Borealis 


Corvi 
Crateris 
Crucis 
Cygni 
Delphini 
Doradus 
Draconis 
Equulei 
Eridani 
Fornacis 
Geminorum 
Gruis 
Herculis 


Horologii 


in-droém/é.dé 


Ant’li-é 

ap’6-dis 

a@-kwar’t-i 

Ak’ wié 

a/ré 

a@-ri’é-tis 

6-ri’jé 

bd-d’tis 

séi 

kd-mél’0- par/dé-lis 

kang’kri 

ka/nim vé-n&t/l- 
k6/raim 

ka/nis ma-jo’ris 

ka’/nis mi-n6’ris 

kap’ri-k6r/ni 

ka-ri/né 


k&s’i-0-pé/yé 


ké-mélé-6n’tis 
sr’s!-ni 
k6-liim’bé 

k6’mé bér’é-ni/séz 
k6-r6/né 6s-tra’lis 


k6-r6/né bo’ré.a/ 
lis 
kor’vi 
krd-té’ris 
kr00’sis 
sig’ni 
dél-fi’ni 
do.ri’dis 
dra-kd/nis 
é-kw00lé-i 
é-rid’é-ni 
for-na’sis 
jém/i-nd/rim 
groo’is 
har’ku-lis 


hor’6-16/ji-i 


Zodiacal constellations are given in bold type, with their symbols. 
*One of the original constellations of Ptolemy. 


**Part of the single constellation Arg 
;Parts within brackets are amplifica 
ttParts within parentheses are 


Guide to pronunciations: 


tiib, circdés, arn. 


the meanings of words de 


pee ee tole) f constellation names 
i anings 0 . 
Tepe ihe me feed from former, more complete constellation names. 


Andromeda [the 
chained woman]t 

(air) pumptt 

bird of paradise 

water carrier 

eagle 

altar 

ram 

charioteer 

herdsman 

graving tool 

giraffe 

crab 

hunting dogs 


larger dog 
smaller dog 
horned goat 
keel 


Cassiopeia [the lady 
in the chair] 
centaur 


Cepheus [the shep- 
herd)t 

whale 

chameleon 

pair of compasses 

dove 

Berenice’s hair 

southern crown 


northern crown 


crow 

cup 

cross 

swan 

dolphin 

dorado [a fish]t 

dragon 

colt 

Eridanus [a river] 

furnace 

twins 

crane [a bird] 

Hercules [mytho- 
logical hero]t 

clock 


Alpheratz 


d 35°S, SHA 210° 
d 75°S, SHA 120° 
d 5°S, SHA 25° 
Altair 

d 55°S, SHA 100° 
Hamal 

Capella 

Arcturus 

d 40°S, SHA 290° 
d 70°N, SHA 275° 
d 20°N, SHA 230° 
d 40°N, SHA 165° 


Adhara, Sirius 

Procyon 

d 20°S, SHA 45° 

Avior, Canopus, 
Miaplacidus 

Schedar 


Hadar, Menkent, Ri- 
gil Kentaurus 
d 75°N, SHA 15° 


Diphda, Menkar 
d 80°S, SHA 200° 
d 65°S, SHA 140° 
d 35°S, SHA 275° 
d 25°N, SHA 170° 
d 40°S, SHA 80° 


Alphecca 


Gienah 

d 15°S, SHA 190° 
Acrux, Gacrux 
Deneb 

d 15°N, SHA 50° 
d 60°S, SHA 285° 
Eltanin 

d 10°N, SHA 40° 
Acamar, Achernar 
d 30°S, SHA 320° 
Pollux 

Al Na’ir 

d 30°N, SHA 100° 


d 50°S, SHA 310° 


fate, care, h&t, findl, abound, sofa, arm; bé, créate, énd, readér; ice, bit; over, poetic, hdt, cénnect, lérd, moon; tiibe, dnite, 
’ ’ , , ’ ’ ’ ’ 


1233 


1234 


Name 


Pronunciation 


APPENDIX K: CONSTELLATIONS 


APPENDIX K 
CONSTELLATIONS 


Genitive 


Pronunciation 


Meaning 


Navigational stars or 
approximate position 


Hydra* 
Hydrus 
Indus 
Lacerta 
Leo (2)* 
Leo Minor 
Lepus* 
Libra (=)* 
Lupus* 
Lynx 
Lyra* 
Mensa 
Microscopium 
Monoceros 
Musca 
Norma 
Octans 
Ophiuchus* 
Orion* 


Pavo 
Pegasus* 


Perseus* 
Phoenix 


Pictor 

Pisces (#)* 
Piscis Austrinus* 
Puppis** 
Pyxis** 
Reticulum 
Sagitta* 
Sagittarius (7)* 


Scorpius (™M)* 
Sculptor 


Scutum 
Serpéns* 
Sextans 
Taurus (8)* 
Telescopium 
Triangulum* 
Triangulum 
Australe 
Tucana 
Ursa Major* 


Ursa Minor* 
Vela** 

Virgo (m)* 
Volans 
Vulpecula 


hi/dra 
hi’drius 
in’dus 
ld-sur’ta 
16’6 

1é’6 mi’nér 
1é’pus 

li’bra 

la’pus 
lingks 

lira 

mén’sd 
mi’kro-sk0'p!-ém 
m06-nés/ér-ds 
mius’ka 
nor’md 
6k’tanz 
of/i-0’kus 


pur’sus 
fé’/niks 


pik’tér 

pis’éz 

pis’is 6s-tri/nus 
pup’is 

pik’sis 
ré-tik’0-lém 
sa-jit’a 
sij/i-ta/ri-ts 


skor’pi-tis 
skilp’tér 


sku/tuim 
sur’pénz 
séks/tanz 
td/ris 
tél’é-sk6/pi-tim 
tri-Ang’gu-lim 
tri-ing’ga-lém 
6s-tra/1é 
tu-ka/nd 
ur’sa ma’jér 


Gr’sd mi’nér 
vé'la 

vur’go 
vo/lanz 
vul-pék’i-la 


Hydrae 
Hydri 

Indi 
Lacertae 
Leonis 
Leonis Minoris 
Leporis 
Librae 

Lupi 

Lyncis 
Lyrae 
Mensae 
Microscopii 
Monocerotis 
Muscae 
Normae 
Octantis 
Ophiuchi 
Orionis 


Pavonis 
Pegasi 


Persei 
Phoenicis 


Pictoris 
Piscium 

Piscis Austrini 
Puppis 
Pyxidis 
Reticuli 
Sagittae 
Sagittarii 


Scorpii 
Sculptoris 


Scuti 
Serpentis 
Sextantis 
Tauri 
Telescopii 
Trianguli 
Trianguli 
Australis 
Tucanae 
Ursae Majoris 


Ursae Minoris 
Velorum 
Virginis 
Volantis 
Vulpeculae 


+ 


hi/dré 

hi’dri 

in’di 

la-suir’té 
1é-0’nis 

1é-d/nis mi-nd’ris 
lép’6-ris 

li’bré 

]a’pi 

lin’sis 

li’ré 

mén’sé 
mi’kr0-sk0/ pi-i 
mo-nés’ér-5/ tis 
mius’sé 

nor’mé 
6k-tan’tis 
Of/1-0/ ki 
6’/ri-0/nis 


pa-vo/nis 
pég’a-si 


pur’sé-i 
fé-ni’sis 


pik-to’ris 
pish’i-iim 
pis’is 6s-tri/ni 
pup’is 
pik’si-dis 
ré-tik’i-li 
sa-jit’é 
s4j/1-ta/ri-i 


sk6r’pi-i 
skulp-t6’ris 


skt’ti 
sér-pén’tis 
séks-tan’tis 
tori 
tél’é-skd’pi-i 
tri-Ang’gli 
tri-ng’go-li 
6s-tra/lis 
ti-ka/né 
ur’sé ma-jo’ris 


ar’sé mi-n6’/ris 
vé-l6/rim 
vur’ji-nis 

vo lan’tis 
vul-pék’/t-lé 


Zodiacal constellations are given in bold type, with their symbols. 


water monster 
water snake 
Indian 

lizard 

lion 

smaller lion 

hare 

balance [scales] t 
wolf 

lynx 

lyre 

table (mountain) ft 
microscope 

unicorn 

fly 

square (and rule) tt 
octant 

serpent holder 
Orion (the hunter]t 


peacock 

Pegasus [winged 
horse] t 

Perseus [mytholog- 
ical character]t 

phoenix [the im- 
mortal bird] 

painter (easel of) tt 

fishes 

southern fish 

stern [of ship]t 

mariner’s compass 

net 

arrow 

archer 


scorpion 

sculptor (workshop 
of) tt 

shield 

serpent 

sextant 

bull 

telescope 

triangle 

southern triangle 


toucan [a bird] 
larger bear 


smaller bear 
sails 

virgin 

flying (fish) ¢t 
little fox 


Alphard 

d 70°S, SHA 320° 

d 60°S, SHA 35° 

d 45°N, SHA 25° 

Denebola, Regulus 

d 35°N, SHA 205° 

d 20°S, SHA 275° 

Zubenelgenubi 

d 45°S, SHA 130° 

d 50°N, SHA 240° 

Vega 

d 75°S, SHA 275° 

d 35°S, SHA 45° 

d0°, SHA 255° 

d 70°S, SHA 175° 

d 50°S, SHA 120° 

d 85°S, SHA 40° 

Rasalhague, Sabik 

Alnilam, Bellatrix, 
Betelgeuse, Rigel 

Peacock 

Enif, Markab 


Mirfak 
Ankaa 


d 55°S, SHA 275° 
d 15°N, SHA 355° 
Fomalhaut 
d 30°S, SHA 245° 
d 25°S, SHA 230° 
d 60°S, SHA 300° 
d 20°N, SHA 65° 
Kaus Australis, 
Nunki 
Antares, Shaula 
d 30°S, SHA 355° 


d 10°S, SHA 80° 
d10°N, SHA 125° 
d 0°, SHA 205° 
Aldebaran, Elnath 
d 50°S, SHA 75° 

d 30°N, SHA 330° 
Atria 


d 65°S, SHA 5° 

Alioth, Alkaid, 
Dubhe 

Kochab, Polaris 

Suhail 

Spica 

d 70°S, SHA 240° 

d 25°N, SHA 60° 


*One of the original constellations of Ptolemy. 
**Part of the single constellation Argo Navis of Ptolemy. 
{Parts within brackets are amplifications of the meanings of constellation names. 
ttParts within parentheses are the meanings of words deleted from former, more complete constellation names. 
Guide to pronunciations: 
fate, care, hat, findl, abound, sofa, arm; bé, create, énd, reader; ice, bit; Over, poetic, hdt, cénnect, lérd, moon; tibe, iinite, 
tib, circdés, firn. 


APPENDIX L 
EXTRACTS FROM TIDE TABLES 


NEW YORK (THE BATTERY), N.Y., 1975 


TIMES AND HEIGHTS OF HIGH AND LOW WATERS 


JANUARY FEBRUARY MARCH 
* TIME HT. TIME HT. TIME HT. TIME HT, TIME HT. TIME HT. 
hs te DAY 4 DAY DAY DAY DAY 
Me ; HOMAS BETS WEN FT H.M, FT. H.M. FT. HAM: ahi 
UW 0422 <-038 “6 0431 (0.0 1 0554 -0.6 16 0503 0.2 i) OIA ve 
WS1043» Sole TH 1045 -4.1 SAM To Sheet aba) SUE INI. 3.8 SA 1088 4 a i 1013 aa 
1659 -1.1 1656 -0.2 Teles” -Oic7 1704 (0.1 1658 -0.9 ] : 
2321 4.6 2319 3.8 US Wall 
; . 23 30m 400 2325 5.1 2223 4.4 
2 0516 -0.6 17 0501 0.2 ZU Dy his OHNE = OR | Taha 2 53a. <0 
TH 1138 4.9 Faba209 31.9 SU 0659 -0.2 Mes 40m 0 3K6 su 1152 4 4 ‘ 1043 o°8 
1749 -0.9 eae" aoa 1309 4.1 17330 1749 -0.5 1637 0.2 
2357 e 3.7) 1919 -0.3 2259 «4.4 
SE ODI7, 4661805339024 3.9142 4.6 18 on2n 4.0 3.09021 4.9 18 051 
Feoblsy -0.4. SA > 1154. "~3.7 M 0808 9.0 TU 0f21 0.5 M 0631 -0.2 TU 1124 327 
1234 4.6 1746 «60.2 1405 3.8 2300 35 Weeys —— eel 1iZOSUEMORG 
1847 -0.6 2024 -0.1 1818 0.4 1847. 0.0 2346 4.3 
2 Orly ae’ i9"*o020") &3..7 4 0240 4.4 19 0108 4,1 POTS 4G 198 O602meN ON 4 
SA 0728 0.4 SU 0613 0.6 TU 0915 0.1 W 0759 «(0.6 TU 07,398 ON W 1218 3.6 
1829% 14.3 2280 $3.5 1508 3.6 13 20\m sled 1344 3.8 1752 0.5 
1951 -0.4 1818 0.3 2129 0.0 1932 «0.5 1956 0.3 
5 0207 4.6 20 0108 3.8 5) 0d4ie 64a wat? 0) 202 Tiles 4d S Wate  L 7 A 2. ngs 
SU 0835 0.0 M SN727 aUl.d WeeTO15) 9050 TH 90926 1 0.5 W 0848° 0.3 TH 0724 0.5 
1428 4.0 13190. 23.4 1612 3.5 1439h | $358 1443 3.6 1318 3.6 
2053 -0.3 1917. 0.4 2225 0.0 2125.0 10nd 2103. 104 1906 0.6 
6 0307 4.5 21 0156 3.9 6h N0446 8423/8 210827 9 42 Gu 0S125 4a 1) eZ O46) m4e3 
M 0939 -0.1 TU 0856 0.7 TH 1110 -0.1 F 1026 0.2 TH 0949 0.3 F 0853 0.4 
1530 3.7 TAORS 431.3 T7150 $3.5 1607 3.5 1545 3.5 1429 3.6 
2153 -0.3 2050 0.4 2320 0.0 203305 10% 2204 «0.4 2106 0.5 
7 0407 4.5 22 0255 4.0 7 0542 4.4 22 0444 4.5 7 O4V5 4,1 22 0300! 423 
Ty 1038 -0.2 W 1001 0.4 Fi “12007 =0h2 “SSA © 111239 -002 = 1 eminem wlbes On 
1635 3.6 159:5'OCha'. 2 Vsiae S3h7 U7 1See 6309) 1649 3.6 1548 3.9 
2247, 30.3 21S hun? 2334 8-03 is TOE 227 Oe? 
8 0508 4.6 23 0404 4.2 8 0009 -0.1 23 0545 4.8 Y OSS Bae PS OM Wes 
We 1131) -O.3e (TH ed057)_ 90.1 SAY 06208 9455 maSU m2 14.5 0156 SA SOs Ole SUMEO568 UO? 
1735, 13-7 1637 3.4 1246 -0.3 1816 4.4 1744 -3..8 1658 4.3 
2339 -0.3 2256 0.0 1856 3.9 2347 0.1 2315 -0.2 
9 0603 4.7 24 0510 4.5 9 0057 -0.2 24 030 -0.7 9 0603 4.3 24 0524 4.8 
THe 1222 <01s4 F 1150 -0.2 SU 0713 4.6 M 0640 5.2 Simei icmesoren M 1147 -0.5 
1828 3.8 1742 Bee. 7. 1329 -0.5 1306 bale. 1830 4.1 1755 4.8 
2352. -01.3 1937 4.0 1909 «4.8 
10 0028 -0.4 25 0609 4.9 No) yod41 01.3) (25) 01123 B-1.0 10 0033 0.0 25 0011 -0.6 
F 0649 4.8 SA 1242 -0.6 Hy 10752) 84.6 TUL (0737 8 1554 M 0645 4.4 TU 0620 5.0 
1310 -0.5 1838 4.0 1410 -0.5 1354 Bele 1259 -0.3 1238 -0.8 
1915 3.9 2015 4.1 1959 5.2 1909 4,3 1848 5.2 
11 0117 -0.4 26 0048 -0.6 TimO222- COe4 w E26. 02)'5 | 1.3 i ihe eOR2 726. WOR oR 
SAL 0733) 4.8 MSUO 0707 .0.5.2 TU 0829 4.6 W 0820 5.4 TU 0726 «64.5 W 0712 5.2 
1354 -0.6 1330 e160 1449 -0.6 1441 -1.4 (SA) dee! 1328eacle 
1959 3.9 1929 4.4 2053 4.2 2na8 5.4 1946 4.4 1938 5.6 
12 0202 -0.4 27 0140 -0.9 12 0300 -0.4 27 0305 -1.4 72S O158e ORs) e276 OlS7s alee 
SU 0814 4.8 M 0749 5.4 Wes0906) 45 me TH BOO12 © 651.3 W 0803 4.5 TH 0802 5,3 
1436 -0.6 1419 -1.3 1523 -0.5 1526 leh 1418 -0.4 1416 -1.2 
2040 3.9 2019 4.7 2129 4.2 2139 «5.4 2022 4.5 2025 5.7 
=) 02311 al 13 0335 -0.3 28 0352 -1.3 1330237 SOn4) 28024724 = 13 
" o8s4 a7 + 0840 5.5 TH 0941 4.3 F 1003. 5.1 TH 0837 4.5 F 0852 5.2 
1516 -0.6 1505 -1.4 1555 -0.4 a sae 1453 -0.4 1502 -1.1 
2122 13,9 2110 4.9 2203. 4.1 2257 Eade 2054 4.5 2114 5.7 
14) 032% —0.3 97298 0321 Wels2 14 0407 -0.2 14. 31308-0429) 0334) S-1),2 
TU 0931 4.5 Ww 0931 5.4 felons 41 fF 0oT2) 403) SA 6094206 149 
“lis 1622 -0.2 1525 -0.3 1547 -0.9 
1552 -0.5 1550 -1.5 tee meen be OA 
220% | 3.9 2203. 5.2 2235e 421 ; : 4 
i z 0435 9.0 15 0346 -0.3 30 0422 -0.9 
15) 0358 -O.1 w30 0490 Ele2 i Sei ee Le al a Rene ci ee tie geet 
We oll 4.3 Pele 10245 522 Teco 1632 -0°6 
1625 -0.4 1635 -1.3 1643. -0.1 Lee aimed Uhre aes 
2242 3.8 2258 5.0 2307. 4.0 3 : 
31 0459 -0.9 31 ooh 0-6 
F.1120 «439 1721 -0.2 
1725 -1.0 Aor eS 
2354 4.9 : 


° Ww, 0000 IS MIDNIGHT. 1200 IS NOON. 
Tne AHS ARE RECKONED FROM THE DATUM OF SOUNDINGS ON CHARTS OF THE LOCALITY WHICH IS MEAN LOW WATER. 
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1236 APPENDIX L: EXTRACTS FROM TIDE TABLES 


TABLE 2.—TIDAL DIFFERENCES AND OTHER CONSTANTS 


POSITION DIFFERENCES | RANGES 
a Mew 


° 7| ¢ -| hk. m.| kh. mi feet | feet | feet | feet | feet 
NEW YORK and NEW JERSEY — Continued 
Hudson Rivert N. W. on NEW YORK, p.56 
Time meridian, 75°H. 
1513 | Jersey City, Pa. RR. Ferry, N. J---= | 40 43 | 74 02) +0 07| +0 O7 -0.1| 0.0] 4.4] 5.3| 2.2 
1515 |New York, Desbrosses Street=-----=-- | 40 43 | 74 01] +0 10| 40 10] -0.1] 0.0) 4.4] 5.3] 2.2 
1517 | New York, Chelsea Docks-"=----=---== 40 45| 74 01] +0 17] +0 16] -0.2} 0.0] 4.3] 5.2) 2.1 
1519 | Hoboken, Castle Point, N. Jeeen----= 40 45| 74 O1| 40 17] 40 16] -0.2| 0.0) 4.3] 5.2] 2.1 
1521 | Weehawken, Days Point, N. Jee------=- | 40 46 | 74 O1 | +0 24] 40 23 0.3 O70 WAR eChmoeOle caL 
1523 | New York, Union Stock Yards-==------ | 40 47 | 74 00] #0 27] +0 26] -0.3 OO Aes Mo TONe eon 
1525 | New York, 130th Street------9=—-<=== 40 49 | 73 58] +0 37] +0 35] -0.5 0.0} 4.0] 4.8] 2.0 
1527 | George Washington Bridge==--=------= 40 51 | 73 57) +0 46] 40 43] -0.6} 0.0] 3.9} 4.6) 1.9 
1529 | Spuyten Duyvil, West of RR. bridge-- | 40 53 | 73 56] +0 58] +0 53] -0.7| 0.0} 3.8] 4.5} 1.9 
1531 | Yonk er Smeee emer n ne nnn nnn nnn = 40 56] 73 54] +1 09] +1 10] -0.8 OO) "Serie 4545158 
1533 | Dobbs Ferry=------------ meme nn 41 Ol | 73 53 | #1 29) 41 40] -1.1]- 0.0} 3.4) 4.0) 1.7 
1535 | Tarr ytownmeesenana nnn nnn nnn wn nn-n- | 41 05 | 73 52) +1 45] +1 54] -1.3] 0.0} 3.2) 3.7] 1.6 
1537 | Ossiningrmmenen- a9 nena a == comme ae nw man AVSLO NMS: Say) +1535 ets LA —1 52a O.O) ese eonoile Lao 
1539 | Haverstrawesnnn nen nnn nanan AVet 2/75 58a! teste) 25)\mnl GileeOnO meron tee 
1541 | Peekski | | --eeee--- een = 41 17] 73 56] +2 24] 43 00] -1.3] +0.3] 2.9) 3.4] 1.7 
1543 | West Pointewennnnnnnnnnnn nen nnnnnmnn- | 41 24 | 73 57] 43 16] 43 37] -1.5] 40.3) 2.7] 3.1] 1.6 
1545 | Newbur gheewn nan ewn annem n nn nnn nn nnn 41 30] 74 00| #3 42} #4 00] -1.5] 40.2] 2.8) 3.2| 1.6 
1547 | New Hambur g-e9-<-9-9-9 2999 n en nnn nen = 41 35 | 73 57| +4 00| #4 25) =-1.5| 40.1) 2.9) 3.3] 1.5 
1549 | Poughkeeps i em=------2- === == AV 42) 73 57) +4 30) #4 43] -1.3)] 40.1) 3.1) 3.5] 1.6 
1551 |Hyde Parkeq-e--n--n nnn en ann nnn nnn a= 41 47 | 73 57 | +4 56] +5 09] -1.3 0.0) 3:2)) S26) 2.6 
1553 | Kingston Point-e-----------------=--- | 41 56] 73 58] +5 16] +5 31] -0.9] -0.1] 3.7| 4.2] 1.7 
1555 | Tivol j meceme en nn nn ne nn nnn n= | 42 04 | 73 56] 45 46] +6 O01] -0.8] -0.2] 3.9] 4.4] 1.7 
1557 | Catski | | -enene nana nen n nnn nee 42.13} 73 51 | +6 37| +6 55| -0.7] =-<0.3| 4.1] 4.6) 1.7 
1559 | Hudson=--=== ee een ns os ee ee er a eam om mm mmm 42 15 | 73 48] +6 54| +7 09] -0.9! -0.4] 4.0] 4.4] 1.6 
on ALBANY, p.60 
1561 | Coxsack | @----e nnn nnn 42 21|73 48 | -1 01] -1 38] -0.5| +0.2| 3.9| 4.3] 2.1 
1563 | New BaltImore----------------------- 42 27) 73 47} -O0 34| -O 56] -0.1] 40.4] 4.1] 4.5] 2.4 
1565 | Cast! eton-on-Hudson---=-----=----=-= 42 32| 73 46] -0 17| -O 29] -0.2] #+0.1] 4.3] 4.7] 2.2 
1567 | ALBANY =====-——~~-==—-~-—— ~~ = = 42 39| 73 45 Dally predictions 4,6] 5.0] 2.5 
1569 | Troy-------------------------------- 42 44 | 73 42 | +0 08 | +0 +O. ds O.0) 457) e5eas| eas 
The Kills and Newark Bay on NEW YORK, p.56 

Kill Van Kull 
ilslyal Constable Hook seee-aa-=—--<== “- |40 39 | 74 05] =O 34] =O 21 ORO OO Coa) Woe ah 
1573 New Brighton-==----= a | HO) iS) || 5 (ls |) 0) U2) oo) aS) 0) OO) Zam) Bee 2.2 
25175) Port Richmond=----=--=--= mmm | 4) 38 | 74 08} -0 03] +0 05 GH | = CORO)PEZ Sst ie! AF! 
L577. Bergen Pointq-ee--s--<---=-- -- | 40 39} 74 08 | +0 03] +0 03] +0.1 OOS Cle oo cro 
1579 | Shooters Island--=--== memmnmmmenmememn | AY) 39 | 74 10] +0 06] +0 18] 40.1] 0.0] 4.6] 5.5] 2.3 
1581 | Port Newark Terminal ---------------- 40 41] 74 08} -O 01] +0 18] 40.6] 0.0] 5.1] 6.1] 2.5 
1583 | Newark, Passaic River------- womemmnmnmnm | 40 441) 74 10! 40 22 | 40 52| 40.6] 0.0] 5.1] 6.1] 2.5 
1585 | Passaic, Gregory Ave. bridge mmm | 40 51) 74 07 | #0 49] +1 57] 40.6] 0.0] 5.1] 6.1] 2.5 

Hackensack River 
1586 Kearny Point--------------------~ 40 44 | 74 06] +0 09 | +0 33] 40.5 O20) 75.0) 6.0) 255 
1587 SCCAUCUS momen nen nnn nnn ana 40 48 | 74 04 | +1 13 | +1 09} 40.6] 0.0] 5.1] 6.1] 2.6 
1588 Little Ferry-=-9-----=---<<-<<<- 4Q 51 | 74 02 |} +1 22} +1 14] 40.8] 0.0! 5.3] 6.4] 2.7 
1589 Hackensack -m--- nnn nnn nnn nnn 40 53 | 74 02 | +1 331 +1 581 40.8! 0.0] 5.3] 6.4] 2.6 

on SANDY HOOK, p.64 

Arthur Kill 
1591 E/T zea be gta © Nii mcm meme 40 39 | 74 11 | +0 25 | +0 39/ 4+0.3| 0.0] 4.9] 5.9] 2.4 
1593 Che] sea --=-—-—=--=—— =~ ~~ 40 36 | 74 12 | 40 24] +40 35] 4+0.4| 0.0] 5.0] 6.0] 2.5 
1595 Carter et ---===--=-<=<<-<<=-=----= 40 35 | 74 13 | +0 23 | +0 31] 40.5 OOM edie GreninenG 
1597 ROSEN |! | Ose Ss S33 SSS SS SS 40 33 | 74 13 | +0 17] +0 25] +0.7| 0.0) 5.3] 6.4] 2.6 
1599 Notdenv We =———— a= 40 31) 74 15 | #0 03 | +0 13] +0.7] 0.0] 5.3] 6.4] 2.6 
1601 Perth Amboy ====—=={~--——~=<-=———— 40 30 | 74 16 | +0 13 | +0 19 | 40.6 OZONMoeculGsonlwen6 


TValues for the Hudson River above the George WashIngton Bridge are based upon averages for the 
sIx months May to October, when the fresh-water discharge Is a minimum. 
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TIME 


TIDE AT ANY 


OF 


APPENDIX L: EXTRACTS FROM TIDE TABLES 
HEIGHT 


TABDES 3: 


—AIInmon MDMONWM KCONwWAD CNALDO NNMWDON NDAONN WONND ONNDS 
is 


3 30 
3 50 
4 20 
4 30 
4 40 
46 

5 00 
5 10 
5 20 
ce of 


4 31 
59 


ne rant EEE EIDE EERIE nae 
LNHWODWDS AFTOWDSO AVCDO AVYOCWDSO AYTOWOOS AMNMS AMMA AMIOr~S 


ae 


319 | 3 35 
3 28 | 3 44 
3 37 

3 45 | 4 03 
3 54) 4 12 
403 | 4 21 
411 

4 20 | 4 40 
429 | 4 49 
43714 


IMM r HM ONAXWOKM AHANLTO DRAM M CWMOHMHM HMrWON FONTS ATOMS 


& 


2 48 | 3:02} 3 16 


2 33 | 2 49 | 3 04 


2 40 | 2 56 


3 12 
3 28 


3 44 
hich is before and the other 


SHOP ONM SONMMN OCHBAN SNK DS HYMMOM DONMHW OMAON TOOMD 


& 


- ve] ~ 
ERSS SES 


aoe AN 
ERG SOS 


art tA NN 


2 47 | 3 03 | 3 20 
2 53 | 3 11 

2] 300] 3 18 | 3 36 
3 13 | 3 33 | 3 52 
3 20} 3 40 | 4 00 
3 27 | 3 47 | 4 08 
3 33 | 3 55 | 4 16 


213 
3 07 | 3 25 


[NOW OSN ON 
SE eee Oot m wA 
=I 


waa ae 


2 00 
2 06 
212 
2 18 
2 24 
2 30 
2 36 
2 54 
3 00 
3 06 
3 12 


24 
] line find the time from the nearest high or low 


nding actual difference. The correction sought is 


ESS RAS 


att nae 


printed in heavy-faced type, which most nearly 


2 29 | 2 48 
zonta 
ie range of tide. 
, subtract the correction. 


1 52 
1 57 
2:15 | 2 35 


1 47 | 203 
219 
Correction to height 


1 52 | 2 08 
1 57 | 2:13 


2 01 
0 54/112) 130] 148| 2 06 | 2 24 


056/115) 133) 152 
117 
1 20 
1 23 
125 


2 20] 2 40 
2 25 | 2 45 


gSs8 222 


2Onn nee 
E428 SSB 52H AR 


aeOOO Ars neste eit 


2 29 | 2 51 


211 
nd the difference between their heights is the range of tide 


quired. The difference between the times of occurren 


a 


’ 


132 

136 

140 

1 44 

the corres 
line with t 


156 
200 
204 
208 


120 
123 
127 


0 53 
1 
1 
1 
137 
140 
143 
147 


7 
= 
4 
z 

= 
/ 
° 
u 
° 
= 
= 
= 
=) 
a 
a 
~ 
a 
3 
© 
i=] 
eo 

a 

oe) 
8 
° 

= 
oa 

& 

& 


ght is re 
uration of rise or fall, 


and on that hori 


56} 1 
on the 


ES45 So 
Oman. 


(eooos 
EARRS 


—_ 


0 43 
034)045/05 
0 48 


0 36 
038/051 
0 40 


053 


0 

101 
104 
107 
109 


d 
d 


tions the high water and low water, one of w 
ual value, 


2 


2 
3 
3 
Find the difference between the nearest high or low water and the time for 


tion of rise or fall 
de is low water, add the correction. 


0 46 
0 48 
0 50 
052 


058 
100 
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TABLE 2.—CURRENT DIFFERENCES AND OTHER CONSTANTS 


TIME DIF- VELOCITY MAXIMUM CURRENTS 


FERENCES RATIOS 


POSITION 


Maxi- 
mum 
current 
——}- 
h Cae m 
LONG ISLAND, South Coast—Continued N. on THE NARROWS, p.52 
Time meridian, 75°W. 
2250 ShInnecock Inlet----—-------------—--- 40 51] 72 29] -O 20! -O 40 ae) Tea o0O|™e eb) L70n| eed 
2255| Fire |. Inlet, 0.5 mi. S. of Oak Beach/40 38] 73 18] 40 15 OOO) Fee 4) el) esl ee 4| ee45il 2.4 
2260| Jones |n|et----------------------~-----|40 35] 73 34] -1 00] -0 55 1.8 1.3 $5] 3.1) 215] 2.6 
2265 | Long Beach, inside, between bridges---|40 36| 73 40| -O 10] +0 10] 0.3] 0.3] 75 0.5] 275:| 0.6 
2270 | East Rockaway In|et------------------- 40°55)|) 7S (451) f= 525 \r=1 (35) 1.5] 91.2) §40i) 252] e225) 2.3 
2275 | Ambrose Light------------------------- 40 27} 73 49 See table 5. 
2280| Sandy Hook App. Lighted Horn Buoy 2A--|40 27] 73 55 See table 5. 
JAMAICA BAY 
2285 | Rockaway Inlet--- eee eee creer (OL OS To OO a tt seOnae el ONe wl lee sO] ieeO ONL al) re4.o8 || Sia, 
2290 | Barren Island, east of ---------—------|40 35| 73 53] -2 00| -2 25] 0.7] 0.9 th, Bee alto) | aby 
2295 | Canarsle (midchannel, off Pler)-----—-|40 38] 73 53] -1 35] -1 50] 0.3] 0.3] 45] 0.5] 220| 0.7 
2300 | Beach Channel (bridge) ----- manmmnmm— (40) 35 | 75 49) <1 20] =1 20] 1:1) 2.0) g60| 1.9) 2255) 250 
2305 | Grass Hassock Channel —---------—---—-- |40 37| 73 47] -1 10] -1 00] 0.6] 0.5 50] 1.0] 230} 1.0 
NEW YORK HARBOR ENTRANCE 
2310} Ambrose Channel entrance-------------- £0) (30) (73758) =VeI0 | =1 O5|) SLO tsa SLO Le) SLO ess 
2315] Ambrose Channel, SE. of West Bank Lt--|40 32] 74 01) (1) | -O 25] 0.8) 0.9] 310] 1.3] 170] 1.8 
2320| Coney Island Lt., 1.6 miles SSW. of---| 40 33] 74 O01] -O 10| (2) 0.5} 0.8) 330] 0.8) 145) 1.5 
2325| Ambrose Channel, north end------------ 40 34] 74 02) +0 05] +0 15 0.8 Oni GOO! el oa) On| elas) 
2330 | Coney Island, 0.2 mille west of------ —-|40 35| 74 01} -O 55] -O 55 0.9 1.0} 330) 1.5} 170] 2.0 
2335| Ft. Lafayette, channel east of--=-=----/40 36] 74 02| (3) (3) OF {S| ORIEL) shall) aleyss]/ Le) 
2340] THE NARROWS, midchannel --------------- 40 37| 74 03 Dally predictions 340] 1.7] 160] 2.0 
NEW YORK HARBOR, Upper Bay 
ae OI TORT FCT S10 me renee ee oe maa 40 38] 74 04) -O 10] +0 20} 0.9} 1.0 iS) abl aby(o)l) 2A) 
2350| Bay Ridge Channel ——-----——------—-—-—— 40 39] 74 02] -O 35] -O 45 0.6 0.6 AO) ea Ol 220; alae 
2355| Red Hook Channel ---------------------- 40 40| 74 Ol] -O 35] -O 35} 0.6] 0.4] 355] 1.0] 170| 0.7 
2360| Robbins Reef Light, east of--------= —-|40 39] 74 03} +0 10| +0 20} 0.8] 0.8} 15) 1.3) 205) 1.6 
2365 | Red Hook, 1 mile west of--------------|40 41] 74 02] #0 45] +4100] 0.8) 1.2] 25) 1.3) 205 | 2.3 
2370] Statue of Liberty, east of-----=--=---| 40 42) 74 02) +0 55 +1 00} 0.8 1.0] 30) 1.4) 205| 1.9 
HUDSON RIVER, Midchannel* 
2375 | The Battery, northwest of ----—-------- 40 43] 74 02| +1 30] +1 35} 0.9) 1.2] 15) 1.5) 195] 2.3 
2380| Desbrosses Street------------------—-- 40 43] 74 O1] +1 35 | +1 40 0.9 Alar Allo} | AERIS | rai) 
2385! Chelsea Docks----9--- 9-9-8 - 8-8-9 ---- 40 45| 74 O1}| +1 30] #1 40 10 1.0 20) 1.7) 185) 2.0 
2390| Forty-second Street----------—-------- 40 46} 74 00} #1 35 | 41 45} 1.0) 1.2} 30] 1.7|----| 2.5 
2395 | Ninety-sIxth Street------------------- 40 48| 73 59 | +1 40 | +1 50 1.0 1,2 CLO] Ge || int: 
5 176 |<---1| 2.3 
2400} Grants Tomb, 123d Street-------------~ 40 49] 73 58| +1 45 | #1 55 0.9 Lee 25 3 - 
2405 | George Washington Br|dge-------------~ AO 51| 73 57| +1 45|+2 00] 0.9} 1.1] 20] 1.6] 200} 2.2 
2410| Spuyten Duy I |--------~--------------- 40 53| 73 56| +2 00| +2 10) 0.9) 1.1) 20) 1.6/----) 2.1 
2415 | Riverdal e-------------------—--——------— 40 54] 73 55] +2 05/42 20; 0.8 1.0] 151 124] 200;)| 2.0 
2420| Dobbs Ferry------------=-=---—--- == 41 01| 73 53| +2 25/42 40] 0.8) 0.9] 10) 1.3\/----/| 1.7 
~---------------------------- 41 05| 73 53| +2 40|}4+2 55| 0.6) 0.8] Oj 1.1|----| 1.5 
an Se mrp MA Ase Arete len see! 41 10| 73 54|+42 55/43 10} 0.5| 0.7] 320] 0.9|----| 1.3 
wo-------------------------- Al 12| 73 57/43 05 |43 15} 0.5| 0.7 | 335 | 0.8 |---- | 1.3 
2435 | Haverstraw : aa=a| 1.2 
2440 | “Peeksk I | | —-a2 san rn 41 17| 73 57| +3 20|43 35) 0.5] 0.6 . ore ae 
2445 | Bear Mountaln Br ldgeq----a9n=9--—-- = 41 19| 73 59 | +3 25 | +3 40 ae Py 1. 185 12 
2450| Highland Fal | s---—- —-|41 22] 73 58| +43 35 | +3 50} 0.6 0.6 5 ue ae 
2455| West Point, off Duck Island=---------~ 41 24| 73 57] +3 40/43 55] 0.5) 0.6) 10! 1.0}----| 1. 


i i ini +s SW. about time of "Slack 
is rotary, turning clockwise. Minimum current of 0.9 knot se Fi - 
Fimee ben eee Nhe AaFrons Minimum current of 0.5 knot sets NE. about 1 hour before "Slack, ebb 


begins" at The Narrows. 
2Maximum flood, -O# 50#; maximum ebb, +04 558, 
3Flood begins, -24 15#; maximum flood, -OA 05%; 
4The values for the Hudson River are for the summer mon 


minimum. 


ebb begins, +04 05"; maximum ebb, -LA 50#. 
ths, when the fresh-water discharge is a 
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TABLE 4.—DURATION OF SLACK 


The predicted times of slack water given in this publication indicate the instant of zero 
velocity, which is only momentary. There is a period each side of slack water, however, during 
which the current is so weak that for practical purposes it may be considered as negligible. 

The following tables give, for various maximum currents, the approximate period of time 
during which weak currents not exceeding 0.1 to 0.5 knot will be encountered. This duration 
includes the last of the flood or ebb and the beginning of the following ebb or flood, that is, 
half of the duration will be before and half after the time of slack water. 

Table A should be used for all places except those listed below for table B. 

Table B should be used for Cape Cod Canal, Hell Gate, Chesapeake and Delaware 
Canal, and all stations in table 2 which are referred to them. 


Duration of weak current near time of slack water 


TABLE A 
Period with a velocity not more than— 
Maximum 
current 
0.1 knot 0.2 knot 0.3 knot 0.4 Knot 0.5 knot 
Knots Minutes Minutes Minutes Minutes Minutes 
1,0 23 46 70 94 120 
1.5 15 31 46 62 78 
2.0 li 23 35 46 58 
3.0 8 15 23 31 38 
4.0 6 ll 17 23 29 
5.0 5 9 14 18 23 
6.0 4 8 11 15 19 
7.0 3 if 10 13 16 
8.0 3 6 9 ll 14 
9.0 3 5 8 10 13 
10.0 2 5 if 9 11 
TABLE B 
Period with a velocity not more than— 
Maximum 
current 
0.1 knot 0.2 knot 0.3 knot 0.4 Knot 0.5 knot 
Knots Minutes Minutes Minutes Minutes Minutes 
1.0 13 28 46 66 89 
1.5 8 18 28 39 52 
2.0 6 13 20 28 36 
3.6 4 8 13 18 22 
4.0 3 6 9 13 17 
5.0 3 5 8 10 13 


When there is a difference between the velocities of the maximum flood and ebb preceding 
and following the slack for which the duration is desired, it will be sufficiently accurate for 
practical purposes to find a separate duration for each maximum velocity and take the average 
of the two as the duration of the weak current. 
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Mapa bee | th @ wilt do «wilt d mir «© wt & Bit @ 2 te a 2 bce 

2312.2, 401 109.6| 22 51.9 +409 110.0} 2231.3 +416 110.4] 22 10,2+ 47.4 110.7| 21 48.8+ 43) 111.1] 21 27.0- 496 111.5| 21 048+ 446 111.9] 20 42.3 - 453 112.2 

23 523 3981088) 23.328 406 109.2| 23129 ai 1096| 2252.6 422110.0| 2231.9 4291104| 22108 437110.8| 21 494 aaa }11.1| 2127.6 450 111.5 

24321 3951079) 24134 4041084| 23543 4121088| 23.348 419 109.2| 23148 4271096| 22545 434110.0| 22338 442110.4| 22126 4501108 

25116 1931071] 24538 401 1076| 2435.5 409 1080| 24167 417 108.4| 2357.5 425 1088| 23 37.9 433 109.3| 2318.0 439 109.7| 22576 4471101 


25 50.9 3901063] 25 33.9 398 106.7] 2516.4 406 107.2] 24 58.4 415 107.6] 24 40.0 423 108.1 | 24 21.2 4301085) 2401.9 438 108.9] 23 42.3 445 109.3 


26 299-386 105.4] 26 13.7 -395 105.9] 25 57.0 + 40.4 106.4] 25 39.9+ 411 106.8] 25 22.3+41.9 107.3 | 25 04.2+ 428 107.7| 24 45.7 - 43.5 108.2} 24 26.8 ~ 44.3 108.6 
27 08.5 384 104.6] 26 53.2 392 105.1] 26 37.4 400 105.5] 26 21.0 409 106.0] 2604.2 41.8 106.5| 25 47.0 425 107.0) 25 29.2 4331074] 2511.1 44.0 107.9 
27 469 380 103.7] 27 32.4 389 104.2] 2717.4 398 104.7] 2701.9 407 105.2] 26 46.0 41.4 105.7] 26 29.5 42.3 106.2| 2612.5 431 106.7) 2555.1 438 107.) 
28 24.9 3771028) 2811.3 386 103.3] 27 57.2 39.5 103.9] 27 42.6 403 104.4] 27 27.4 4121049] 27 11.8 419 105.4] 26 55.6 428 105.9] 26 38.9 43.6 106.4 
29 02.6 373101.9] 28 49.9 382 102.5] 28 36.7 39.) 103.0} 28 22.9 400 103.5] 2808.6 4098 104.1 | 27 53.7 4171046) 27 38.4 425 105.1] 27 22.5 433 105.6 

0.9 

3,1 

5.1 


29 39.9 -370 101.0] 29 28.1 -379 101.6] 29 15.8+38.8 102.1} 29 02.9~397 102.7] 28 49.4~+ 406 103.2) 28 35.4~ 414 103.8) 28 20.9 +422 104.3) 28 05.8-43) 1048 
30 16.9 365 100.1} 3006.0 375 100.7] 29 54.6 384 101.3] 29 42.6 393 101.8) 29 30.0 402 102.4} 29168 411 102.9) 290 42.0 103.5) 28 48.9 428 1040 
30 53.4 362 99.2) 3043.5 372 99.8} 3033.0 381 100.4] 30 21.9 390 101.0) 3010.2 399 101.5} 2957.9 408 102.1] 29 4 41.6 102.7] 29 31.7 42.4 103.2 
31 29.6 358 98.3) 31 20.7 367 98.9] 31 11.1 377 99.5] 31 00.9 386 100.1] 30 50.) 396 100.7} 30 38.7 405 101.2] 30 267 41.3 101.8) 3014.1 422 102.4 
3205.4 353 97.3| 31 57.4 363 97.9] 3) 488° 3739 98.6] 31 39.5 383 99.2] 31 29.7 391 99.8} 31 19.2 400 100.4] 3108.0 41.0 101.0] 30 563 419 101.6 


32 40.7 -349 96.4] 32 33.7-359 97.0] 32 26.1+369 97.6| 32 17.8-378 98.3] 32088-3688 98.9] 31 59.2+398 99.5] 31 49.0-406 100.1 | 31 38.2 -41.5 100.7 
3315.6 345 95.4] 3309.6 355 96.1] 3303.0 364 96.7] 3255.6 375 97.3] 32 47.6 38.4 98.0] 32 39.0 393 98.6] 32296 403 99.3] 3219.7 411 99.9 
33 50.1 339 94.4] 33 45.1 350 95.1] 3339.4 360 95.7] 3333.1 370 96.4] 33 26.0 380 97.1} 3318.3 389 97.7) 33099 399 98.4] 3300.8 408 99.0 
3424.0 335 93.4] 34 20.1 345 94.1] 3415.4 356 94.8) 3410.1 365 95.5] 3404.0 376 96.1] 3357.2 386 96.8) 33498 395 97.5) 33416 405 98.1 
3457.5 330 92.4) 3454.6 340 93.1) 3451.0 351 93.8] 34 46.6 361 94.5] 34 41.6 371 95.2} 3435.8 381 95.9] 34 29.3 391 96.6) 34221 400 97.2 


20 35 30.5+324 91.4) 35 28.6+336 92.1} 35 261-345 928] 35 227-357 93.5] 35 187-366 94.2} 35 13.9-377 949/35 084-386 95.6] 95 02.1+396 96.3 20 
21 36029 319 90.4] 3602.2 329 91.1) 3600.6 34) 91.8] 3558.4 351 92.5] 3555.3 362 93.3) 3551.6 372 94.0] 3547.0 382 94.7] 35 41.7 392 95.4 21 
22 36 34.8 31.3 89.3] 3635.1 325 90.0] 36 34.7 336 90.8} 3633.5 346 91.5] 3631.5 357 92.3] 36 28.8 367 93.0] 36 25.2 378 93.7] 36209 388 945 22 
23 37 06.1 308 88.2) 3707.6 319 89.0] 3708.3 329 89.8} 3708.1 34) 90,5] 3707.2 4352 91.3) 3705.5 362 92.0} 3703.0 372 92.8) 3659.7 382 93.5 23 
24 37 36.9 302 87.2] 37 39.5 313 87.9] 3741.2 325 88.7] 37 42.2 335 89.5] 37 42.4 346 90.2] 37 41.7 357 91.0] 37 40.2 368 91.8] 37379 378 92.6 24 


25 38 07.1295 86.1) 38 108+307 86.8] 38 13.7-318 87.6} 38 15.7-330 88.4] 38 17.0-340 89.2] 38 17.4-352 90.0} 38 17.0-362 90.8] 38 15.7+373 91.6 25 
26 38 36.6 289 85.0} 38 41.5 300 85.7) 38 45.5 312 865] 38 48.7 324 87.4] 3851.0 335 88.2) 3852.6 346 89.0] 38 53.2 357 89.8] 3853.0 368 90.6 26 
27 | 3905.5 283 83.8] 3911.5 295 84.6] 3916.7 306 85.4] 3921.1 317 86.3] 39 24.5 329 87.1| 39 27.2 340 87.9| 39 28.9 352 88.7| 3929.8 363 89.6 27 
28 39 33.8 275 82.7] 39 41.0 287 83.5] 3947.3 300 843] 39528 311 85.2] 3957.4 323 86.0] 4001.2 334 868] 4004.1 345 87.7] 4006.1 356 88.5 28 
29 | 4001.3 269 81.5] 4009.7 281 82.4] 4017.3 292 83.2] 4023.9 305 84.0] 40 29.7 317 84.9] 4034.6 328 85.7| 40386 340 86.6] 40 41.7 351 87.5 29 


30 | 40 28.2-261 80.4) 40 37.8~27.4 81.2} 40 46.5+286 82.1] 40 544,298 82.9] 4101.4+309 83.8| 41 07.4+322 84.6] 41 12.6+333 85.5] 41 168+345 864 30 
31 40 54.3 255 79.2] 4105.2 266 80.0) 41.15.) 279 80.9] 41 242 291 81.8] 4132.3 303 82.6] 4139.6 314 83.5] 41 459 326 84.4] 4151.3 338 85.3 31 
32 4119.8 246 78.0] 41 31.8 259 78.8] 41 43.0 271) 79.7] 41 53.3 283 80.6] 4202.6 296 81.5] 4211.0 308 82.4] 4218.5 320 83.3] 42 25.1 332 84.2 32 
33 41 44.4 239 76.8] 41 57.7 251 77.6] 4210.1 264 78.5} 42 21.6 276 79.4] 42 32.2 288 80.3] 42 41.8 30) 81.2) 4250.5 313 82.1] 42583 325 83.0 33 
34 42 08.3 230 75.5] 42 228 244 76.4) 4236.5 25. 77.3] 42 49.2 269 78,2] 4301.0 281 79.1] 4311.9 293 80.0] 4321.8 306 81.0| 43308 318 81.9 34 


35 42 31.3-223 74.3) 42 47.2+23.5 75.2] 43.02.1+248 76.1] 43 16.1-260 77.0| 43 29.1+273 77.9| 43 41.2+286 78.8) 43 52.4-298 79.8] 4402.6-310 80.7 35 
36 42 53.6 214 73.0] 4310.7 22.7 73.9] 43 26.9 239 74.8] 43 42.1 253 75.7] 4356.4 265 76.7| 4409.8 278 77.6] 44 22.2 290 78.6| 44 33.6 303 79.5 36 
37 4315.0 205 71.7] 4333.4 218 72.6) 4350.8 231 73.5] 4407.4 243 745] 44 22.9 257 75.4| 4437.6 269 76.4] 4451.2 283 77.3] 4503.9 25 783 37 
38 | 4335.5 197 70.4] 4355.2 209 71.3) 4413.9 22.2 723] 4431.7 236 73.2| 44 48.6 248 74.1] 4504.5 26) 75.1] 4519.5 274 76.1| 4533.4 287 77.) 38 
39 | 4355.2 187 69.1] 4416.1) 20.0 70.0] 44 36.1 21.4 71.0] 4455.3 226 71.9] 4513.4 240 72.9] 4530.6 253 73.8] 45 469 265 748] 46021 278 75.8 39 


40 | 4413.9.178 67.8] 44 36.1 ~19.2 68,7] 44575~+204 69.6] 4517.9,217 70.6| 45 37.4+230 71,.5| 45 55.9-243 72.5| 46 13.4,256 73.5| 46 29.9,.270 745 40 
4) 4431.7 169 66.5] 44 55.3 181 67.4] 4517.9 195 68.3] 45396 208 69.3| 4600.4 22) 70.2| 46 20.2 234 71.2] 4639.0 248 72.2] 4656.9 20 73.2 41 
42 | 44486 159 651] 4513.4 172 66.0] 4537.4 185 67.0] 4600.4 198 67.9] 4622.5 211 68.9| 46 43.6 225 69.9| 47038 238 70.9] 4722.9 252 71.9 42 
43 45045 150 63.8} 45 30.6 163 64.7] 4555.9 175 65.6] 46 20.2 188 66.5] 4643.6 202 67.5] 4706.1 215 68.5] 4727.6 228 69.5] 47 48.1 241 70.5 43 
44 4519.5 139 62.4] 45 46.9 152 63.3] 4613.4 165 64.2] 46 39.0 179 65.2] 4703.8 191 66,1] 47 27.6 205 67.1| 47 50.4 21:8 68.1| 48122 232 69.2 44 


45 45 33.4~129 61.0} 46 02.1+14.2 61.9] 46 29.9.155 62.8] 46 56.9+168 63.8] 47 22.9-18.2 64.7] 47 48.1+194 65.7] 48 122-208 66.8] 48 354-222 67.8 45 
46 | 45 46.3 119 59.6] 4616.3 13.1 60.5] 46 45.4 145 61.4] 4713.7 157 62.4] 4741.1 170 63.3] 4807.5 184 64.3] 48 33.0 198 653| 4857.6 211 664 46 
47 | 4558.2 109 58.2] 46 29.4 12) 59.1] 4659.9 133 60.0] 47 29.4 147 60.9] 4758.1 160 61.9| 48 25.9 174 62.9] 4852.8 \87 63.9| 49187 200 65.0 47 
48 | 4609.1 97 56.8) 4641.5 111 577| 4713.2 124 58.6] 4744.1 136 59.5] 4814.1 150 60.5| 48 43.3 162 61.4] 49115 176 62.5| 49387 190 63.5 48 
49 4618.8 88 55.3] 4652.6 99 56.2) 4725.6 112 57.1] 4757.7 125 58.0] 48 29.1 137 59.0] 4859.5 151 60.0! 49 29.1 164 61.0! 49577 178 620 49 


50 | 46 27.6~- 76 S3.9| 47 02.5-~- 89 $4.8] 47 368+101 55.7] 4810.2-11.4 56.6] 48 428+127 57.5] 49 146-140 585| 49 455-153 59.5| 50155-1467 60.5 50 


OONAN BONO DONOUW BONO O° 
C@ONAW BONO OCMNAUW BwWH—O °O 


ob sal sol ed one | Feed teeth a 


51 46 35. 65 52.5] 4711.4 77 $3.3] 47 46.9 89 54.2] 48 21.6 102 55.1] 4855.5 115 56.0] 49 28.6 128 57.0| 50008 142 58.0] 5032.2 \s4 59.0 51 
52 | 46 41 5.5 51.0) 4719.) 67 51.9) 4755.8 79 52.7] 4831.8 91 53.6] 4907.0 103 54.5] 49 41.4 116 55.5] 5015.0 129 56.5] 5047.6 143 57.5 52 
53 | 46 47 43° 49.6) 47 25.8 55 50.4} 4803.7 67 51.2} 48 409 79 52.1] 4917.3 92 53.0] 4953.0 104 54.0] 5027.9 117 55.0] 5101.9 130 56.0 53 
54 | 465) 33 48.1} 4731.3 43 489} 4810.4 55 49.8) 48 488 67 50.6] 49265 79 51.5} 5003.4 92 52.5] 5039.6 105 53.4] 51149 118 54.4 54 


+ 2) 46.6] 47 35.6 


2 
7 
2) 
5 
4.8 + 33 47.4] 4815.9+ 44 48.3) 48 55.5- 56 49.1] 49 34.4- 68 50.0] 5012.6+ 80 509] 50 50.1- 92 51.9] 51 267-106 528 55 
56 46 56.9- 10 45.2] 4738.9 20 46.0} 48 20.3 3.2 46.8] 4901.1 43 47.6] 4941.2 55 48.5] 5020.6 67 49.4| 50593 80 503| 51373 92 513 56 
57 46 57.9 02 43.7} 47 40.9, 10 44.5) 4823.5 20 45.3] 4905.4 3) 46.1] 49 46.7 43 46.9] 5027.3 55 47.8| 5107.3 67 487| 51465 79 49.7 57 
58 4657.7 12 42.3) 47 41.9- 02 43.0] 48 255+ 08 43.8] 4908.5 20 44.5] 4951.0 31 45.4] 50328 42 462/51 14.0 54 47.1| 51544 67 48.1 58 
59 4656.5 24 40.8) 4741.7 1.4 41.5] 48 263-03 42.2] 4910.5~- 07 430] 4954.1 18 43.8] 50370 30 44.7] 5119.4 4) 45.5| 5201.1 53 46.4 59 
60 4654.1 - 45 39.3] 47 40.3- 25 40.0} 48 260-15 40,7] 4911.2- 05 41.5] 4955.9,+ 05 423] 5040.0- 16 43.1| 51 235-28 43.9| 52064. 39 44.8 60 
61 4650.6 46 37.9) 4737.8 37 38.5) 48245 27 39.2} 4910.7 17 40.0] 4956.4- 06 40.7] 5041.6; 04 41.5] 51263 15 423|52103 26 43.2 61 
62 46 46.0 57 36.4] 4734.1 48 37,1] 48218 39 37.7] 49090 29 38.4] 49558 20 39.2| 50 42.0- 09 39.9] 51 278-0) 407| 52129. 13 41.6 62 
63 46 40.3 68 35.0} 47 29.3 60 35.6] 4817.9 51 36.2] 4906.1 41 36.9] 4953.8 31 37.6] 5041.1 21 38.4] 5127.9- 1) 39.1| 52142- 0.1, 39.9 63 
64 4633.5 79 33,5] 47 23.3 70 34.1] 48128 62 347] 4902.0 54 35.4] 4950.7 44 36.1| 5039.0 35 36.8)/51268 25 375|52141 ja 38.3 64 
65 46 25.6- 90 32.1} 47 16.3- 82 32.6] 4806.6- 73 33.2] 48 56.6- 65 33.9] 49 463- 57 34.5] 5035.5- 47 35.2| 51 24.3- 38 35.9| 52127- 28 367 65 
66 4616.6 100 30,6) 4708.1 93 31.2) 4759.3 a5 31.8) 4850.1) 77 32.4] 49406 68 33.0] 50308 60 33.6] 51205 50 343/ 52099 a1 35.0 66 
67 46 06.6 111 29,2] 46 58.8 104 29.7] 47508 96 30.3] 48424 88 30.8] 49338 281 31.4] 50248 72 321151155 64 327| 52058 5§ 33.4 67 
68 4555.5 121) 27.8) 46 48.4 114 28.3) 47 41.2 108 288) 4833.6 100 29.4] 4925.7 92 29.9} 5017.6 95 305; 51091 76 31.1} 52003 68 31.8 68 
69 45 43.4 13.2 26.4] 46 37.0 125 26.9] 4730.4 118 27.4] 48 23.6 112 27.9] 49165 105 28.4| 5009.1 97 29.0| 5101.5 90 29.6| 51 535 81 30.2 69 
70 45 30.2 142 25,0) 46 24.5 136 25.4] 47 186-130 25.9] 48 12.4-123 26.4] 4906.0-116 26.9| 4959.4 109 27.4| 5052.5-101 28.0] 5) 45.4- 94 28.6 70 
71 4516.0 151 23.6] 4610.9 146 24.0] 4705.6 140 24,5] 4800.1 134 24.9] 4854.4 127 25.4] 49 485 121 25.9]5042.4 114 26.41] 5) 36.0 107 27.0 71 
72 | 4500.9 162 22.2] 45 56.3 15.6 22.6] 4651.6 150 23.0] 47 46.7 144 23.5] 4841.7 139 23.9] 4936.4 132 244] 5031.0 127 249 $125.3 120 25.4 72 
78) 4444.7 171 20.9) 45 40.7 166 21.2) 4636.6 161 21.6] 47 32.3 156 22.0] 4827.8 15.0 22.4] 4923.2 ja5 229] 5018.3 138 23.4 $113.3 13.2 23.8 73 
74 4427.6 \80 19.5} 45 24.1 176 19.9] 46 20.5 171 20.2] 4716.7 166 20.6] 48128 161 21.0] 4908.7 155 21.4| 50045 150 21.8} 5100.1 jaa 223 74 
75 4409.6 190 18.2) 4506.5 185 18,5) 4603.4-181 18.8] 47 00.1 -17.7 19.2] 47 567-172 19.5] 4853.2 167 19.9] 49 49.5 162 203) 50 45.7-156 20.8 75 
76 | 4350.6 198 16.9] 44 48.0 195 17.2] 45 45.3 191 17.5] 4642.4 186 17.8) 4739.5 182 18.1] 48365 178 185] 49 33.3 173 18.8] 50 30.1 169 19.2 76 
77 4330.8 208 15.6] 44 285 204 15.8] 45 26.2 200 16.1] 4623.8 196 16.4] 47 21.3 192 167] 48187 188 17.0] 49 160 184 17,4) 5013.2 179 17.7 77 
78 4310.0 21.6 14.3] 4408.) 213 14.5] 4506.2 210 14.8] 4604.2 206 15.0] 4702.) 203 15.3] 4759.9 199 15.6 4857.6 19.5 15.9| 4955.3 19.1 16.2 78 
79 42 48.4 224 13.0] 43 468 221 13.2] 44 45.2 218 13.5] 45 43.6 216 13.7] 4641.8 212 13.9] 47 40.0 209 14.2| 48 38.1 205 14.5] 4936.2 202 148 79 
80 42 26.0233 11.8) 43 247 230 11.9) 44 23.4. 228 12.1] 45 220-225 12.4] 46 20.6-222 12.6] 47 19.1-219 128] 48 17.6 21.6 13.1] 49 160-212 13.3 80 
81 4202.7 240 10.5] 4301.7 238 10.7] 4400.6 236 10.9] 4459.5 233 11.0] 45 58.4 231 11.2] 4657.2 228 11.4| 47 56.0 226 11.7) 48548 223 11.9 81 
82 41 38.7 249 9.3] 4237.9 247 9.4] 4337.0 244 9.6] 4436.2 242 9.7] 4535.3 240 9.9] 4634.4 238 10.1| 47 33.4 2315. 0:3'|, 48)32:5: 9014, 11055 82 
83 4113.8 256 81) 4213.2 254 8.2] 4312.6 252 83) 4412.0 25) 85] 4511.3 249 86] 4610.6 247 88| 4709.9 245 8.9] 4809.2 243 91 83 
84 40 48.2 263 6.9) 41 47.8—262 7.0} 4247.4 261 7.1) 4346.9 259 7.2] 44 46.4 257 7.3] 45 45.9 256 7.5| 46 45.4 254 7.6] 47 44.9 253 hi 84 
85 | 4021.9 270 5.7} 41 21.6 269 5.8] 4221.3 268 5.9] 4321.0 267 6.0] 44 20.7-266 6.1| 45 20.3-264 6.2) 46 20.0 i 
86 | 3954.9 277 45] 4054.7 277 4.6] 4154.5 276 4.7] 4254.3 275 4.7] 4354.1 274 48] 44 53.9 273° 4.9| 45 53.7 Bi 30 be sda aah $1 Hs 
87 | 3927.2 285 3.4] 4027.0 203 3.4] 41 26.9 282 3.5] 42268 282 3.5] 4326.7 281 3.6| 44 26.6 281 3.6| 4526.5 28) 37 46263 279 38 87 
88 3858.7 290 2.2} 3958.7 290 2.3] 4058.7 290 23] 41586 289 2.3] 42586 20 24] 4358.5 289 2.4] 44 58.4 288 2.4] 4558.4 288 25 88 
89 | 3829.7 29.7 1,1 3929.7 29.7 1.1) 40 29.7 29.7 1.11 41 29.7 997 1.2] 4229.6 296 1.2| 4329.6 296 1.2) 44 29.6 296 1.2] 4529.6 296 12 89 
90 | 3800.0 303 0,0] 39.00.0303 0.0} 4000.0-303 0.0] 41 00.0-303 0.0] 4200.0-303 0.0] 4300.0-304 0.0] 44.00.0304 0.0| 45 000-204 0.0 90 
1 
[ 38° 39° 49° ——|~——41° 42° 43° OER Bret Ls 


60°, 300° L.H.A. LATITUDE SAME NAME AS DECLINATION 


APPENDIX O: EXTRACTS FROM PUB. NO. 229 1253 


LATITUDE CONTRARY NAME TO DECLINATION L.H.A. 60°, 300° 


li T 38° le 39° 40° ‘li ° ° ° x Ay : 
L | male 42 43 44° 45° 
Dec seta d me HC MmCd Eze LCM dss o7ul He dl GM CHEe MEd lz | Head! o@ | Headun © lc Meued om | Dee 
° 2 , , ° ° , ’ ° ° , ‘ ° ° ’ ’ 
© | 23 12.2-40.3 109.6] 22 51.9-41.1 110.0] 22 31.3~41.9 110.4] 22 10.2426 110.7] 2) 48.8- 494 111.1| 21 27.0 111.5] 21 04 
Ma feee aio aoe Niod|.22° Fo Naa M108! 21 49a gat Wilsall atar8 age iiisillay O54 age Vine | 20 409 dee Iai oy cas ae 126 | 19 560 pete : 
2 | 21 51.4 408110.2] 2129.5 4151015] 2107.3 423 111,9] 20 44.8 42.0 .112.3| 2021.9 4371126] 1958.7 4451129] 1935.) 4511133119112 a7 li36l 2 
3] 2110.6 41.0112.0] 20 48.0 41.8112.3] 20 250 4241127] 2001.8 4321130] 19 38.2 4991133] 1914.2 4451137] 1850.0 4521140118255 sso llaa| 3 
4 | 2029.6 41.21127] 2006.2 ° 41.9 113.1] 1942.6 427113.4] 1918.6 4341137] 1854.3 at 114.1) 18297 asa ll44| 18048 4541147117396 acollso| 4 
© 5 | 19 484-414 113.5] 19 24.3 ~421 113.8] 18 59.9- 428 114.2| 18 35.2435 114.5] 18 10.2 114.8] 17 44.9 
GU ToOZOMaTa 143) NSO basa AGING alas 17 S17 agp MSO| 17 Boos SSI NPOO0 saonveal yo dora sea 110 yan anes ee 
7 | 18 25.4 41.8115.0) 1759.9 425 115.3] 1734.1 43.2115.6] 1708.0 439115.9| 1641.6 4451162] 1615.0 451 1164/15 48.2 4581167/ 1521.1 aeall7ol 7 
8 | 17 43.6 41.9115.8] 1717.4 426 116.1] 1650.9 43.3116.4] 16 24.) 490 116.6] 1557.1 4461169] 1529.9 4531171195024 4591174] 14347 465 11761 8 
9 | 1701.7 4211165] 1634.8 4281168] 1607.6 435.1171] 1540.1 441 117.3] 15125 448 117.6| 1444.6 4541178114165 «eoll80| 13482 so 1183| 9 
10 | 16 19.6 ~423.117.3] 15 52.0 ~ 43.0 117.5] 15 24.1 ~436 117.8| 14 56.0442 118.0] 14 27.7- 44.9 118.3| 13 59.2-455.118.5| 13 30,5 461 118.7] 13 01,6 -467 118.91 10 
VW | 15 37.3 424118.0] 1509.0 42.1118.3] 1440.5 437 1185| 1411.8 4441187] 13428 4501189| 13137 ase 119.2| 12444 s63119.4)12149 seo 1196) V1 
12 | 1454.9 4251188] 14 259 43.2119.0] 1356.8 439119.2| 13 27.4 445119.4] 12578 4511196] 1228.1 457119811 58) 463120.0/11280 so 1202/ 12 
13 | 1412.4 427119.5] 13 42.7 433.119.7| 13129 4401199] 12.429 446 120.1] 1212.7 452 120.3] 11 42.4 4581205} 11118 46412071 1041.2 a701208| 13 
14 | 1329.7 428 120.2] 1259.4 43.4 120.4] 1228.9 440 120.6] 11 58.3 447 120.8| 11 27.5 453121.0| 10566 459 121.1] 10254 sea 1213] 9542 ayol215| 14 
15 | 12 46.9 — 42.9 120.9] 12 16.0~43.6 121.1) 11 44.9~ 44,2 121.3] 11 13.6 - 448 121.5| 10 42.2~45.4 121.6] 10 10.7-460 121.8] 9 39.0-466 121.9] 9 07.2-471 12211 15 
V6 | 1204.0 431 121.6] 11 32.4 43.6121.8] 1100.7 443.122.0] 10 288 448 122.2) 9568 4541223] 924.7 4601225| 852.4 4661226] 8201 47212271 16 
17 | 11 20.9 431 122.4] 10 48.8 438 122.5| 1016.4 443122.7] 944.0 4501228] 911.4 456123.0] 838.7 4611231! 8058 466123.2| 7329 4721233| 17 
18 | 1037.8 43.2123.1] 1005.0 438123.2| 932.1 4451234] 859.0 4501235| 8258 4561236| 752.6 4621237| 719.2 4671239] 6457 «73 1240] 18 
19 | 954.6 433123.8| 921.2 4391239] 847.6 445 124.0] 814.0 451 124.2| 7.40.2 4561243| 7064 4621244| 6325 «681245| 5584 4721246| 19 
20 | 911.3-43.4124.5| 8 37.3-440124.6| 803.1445 1247| 7 28.9-451124.8| 6546-457 1249| 6 20.2~463125.0| 5 45.7~46,8125.1| 5 11.2-474125.2] 20 
21 | 827.9 4351252| 7 441 125.3] 718.6 447 125.4| 6 43.8 4521255| 6089 4581256] 533.9 4631257] 4589 4681258] 4238 4731258] 21 
22 | 744.4 435125.9] 709.2 441 126.0] 633.9 4471261] 558.6 453126.2| 523.1 4581262) 447.6 4631263| 4121 4691264| 3365 4741264| 22 
23 | 700.9 4361266) 625.1 4421267] 549.2 4471267) 5133 4531268| 437.3 4581269| 401.3 464127.0| 325.2 4691270] 2491 4741270] 23 
24 | 617.3 437127.3) 540.9 442127.3) 504.5 448127.4| 428.0 453127.5| 351.5 4591275| 314.9 464127.6| 2383 469127.6| 201.7 475127.7| 24 
25 | 533.6-437127.9| 4 3.42.7~452128.1| 305.6-4591282| 2285-464 128.2] 1 51.4-469128.3| 1 14.2-4741283| 25 
26 4499 371286) 4 3 2574 4541288) 2197 4591288) 1421 44 1289| 1045 4701289| 0268 a741289| 26 
406.2 438 45.4129.4| 133.8 4591295] 055.7 4641295| 0175-449 129.5) 020.6;475 50.5| 27 
28 | 322.4 438130.0| 2 2 126.6 454 130.1] 047.9 459 130.1 | 0.09.3 - 465 130.1! 029.4+469 49.9] 108.) 474 49.9] 28 
29 | 2386 4381307] | 1 20. 0 41.2~454 130.8] 0.02.0- 45.9 130.8/ 037.2+464 492| 1163 470 49.3] 1555 474 49.3] 29 
30 | 1 54.8-438131.4| 1 0.35. 004.2+454 48.6| 043.9+459 48.6] 1 23.6+464 48.6] 2033+469 48.6| 2429-474 48.7] 30 
31 | 111.0 439132.1|_0 009. 049.6 454 47.9] 129.8 459 48.0] 210.0 464 48.0| 250.2 469 48.0| 330.3 «74 480| 31 
| 32 | 027.1~4391327] 0 054 135.0 454 47.3] 215.7 45.9 47.3| 2564 464 47.3| 337.1 468 47.4| 417.7 473 47.4] 32 
33. | 0168-438 46.6| 0 444 46.6] 139.2 449 46.6] 220.4 454 46.6| 3016 459 467] 3428 463 467| 4239 468 46.8| 505.0 473 468| 33 
34 | 1006 438 45.9] 1 a43 45.9) 2241 448 45.9| 3058 454 46.0] 3.47.5 458 460| 429.1 4oa 46.1| 510.7 468 46.1| 552.3 473 46.2] 34 
35 | 1444-439 45.2| 2267443 45.2| 308.9+469 45.3) 351.2+453 45.3] 43394458 45.4] 515.5+402 45.4| 5 57.5+468 45.5| 639.6+472 45.6| 35 
36 | 228.3 ase 44.5| 311.0 443 44.6| 3538 sg 446| 436.5 453 44.7| 519.1 458 44.7| 601.7 463 448] 644.3 467 44.9| 7268 471 45.0| 36 
37 312.1) 438 43.8) 3553 443 43.9) 438.6 447 43.9] 521.8 452 44.0] 6049 457 44.1] 648.0 46) 44.1] 731.0 466 44.2] 813.9 471 443 37 
38 | 355.9 437 43.2| 439.6 443 43.2| 523.3 447 43.3] 607.0 452 43.3] 650.6 45.7 43.4| 734.1 462 43.5| 817.6 466 43.61.9010 471 437] 38 
39 | 439.6 437 425] 523.9 sa1 425| 608.0 447 426| 652.2 45) 42.7| 7363 456 428| 820.3 460 42.9| 904.2 465 43.0] 9481 470 43.1] 39 
40 | 5233+437 41.81 608.0+442 41.9| 6527+46 41.9| 737.3+45,1 420] 821.9+455 42.1| 90634460 42.2| 950.7+465 42.3| 1035.1 +469 42.4] 40 
41 | 607.0 436 41.1] 6522 46) 412) 7373 a6 413] 8224 450 413) 907.4 455 415/ 9523 460 416/ 1097.2 aoe 41.7| 11 220 aoe 41.8) 41 
42 | 6506 35 404| 7363 aso 40.5| 821.9 asa 406| 907.4 449 40.7] 9529 45.4 40.8] 1038.3 45@ 40.9| 11 23.6 462 41.0] 12088 467 41.2 
43 | 734.1 435 39.7| 820.3 429 39.8] 9063 sa 39.9) 952.3 449 40.0] 1038.3 453 40.1] 11 24.) 45.7 40.2| 12098 462 40.4/ 1255.5 466 405| 43 
44 | 817.6 «34 39.0| 9042 439 39.1| 9507 444 39.2| 1037.2 sag 39.3) 11 23.6 452 39.5| 1209.8 457 39.6/ 1256.0 461 39.7/ 1342.1 466 39.9] 44 
45 | 901.0+434 383) 9 48.1+438 38.4] 1035.1+442 38.5] 11 22.0+446 38.7| 1208.8+45.1 38.8] 1255.5+455 38.9| 13 42.1 +460 39.1] 14 28.7~+404 39.2| 45 
46 | 9444 432 37.6| 1031.9 437 37.7] 1119.3 441 37.8] 1206.6 446 38.0] 1253.9 45.0 38.1] 1341.0 455 38.3] 14 28.1 459 38.4] 1515.1 463 386| 46 
47 | 1027.6 432 369|11156 436 37.0| 12034 440 37.2| 1251.2 445 37.3] 13389 449 37.4] 1426.5 453 37.6] 1514.0 457 37.7| 1601.4 462 37.9| 47 
48 |11108 430 362/11 59.2 «34 363/ 12474 440 36.5] 1335.7 443 366] 14238 aaa 36.7] 1511.8 452 36.9/ 1559.7 457 37.1] 1647.6 460 37.3] 48 
49 | 11538 «30 355|12426 «34 35.6| 1331-4 438 35.8| 1420.0 442 35.9] 15086 446 36.1| 1557.0 451 36.2| 1645.4 455 36.4/ 1733.6 459 366] 49 
50 | 1236.8+428 34.8] 13 26.0+433 34.9] 1415.2+437 35.1 | 1504.2+441 35.2) 1553.2r4¢5 35.4] 16 42.14449 35.5] 17 30.9+453 35.7] 18 19.5+458 35.9] 50 
5) | 13196 427 34.1| 1409.3 431 34.2] 14589 435 343/15 483 440 34.5| 16377 aaa 34.7/ 1727.0 448 34.8] 1816.2 452 35.0/ 1905.3 456 35.2] 51 
52 | 14023 426 333| 14524 430 335| 15424 434 336| 1632.3 age 33.8| 17221 443 34.0] 1811.8 247 34.1} 1901.4 451 34.3] 1950.9 455 345] 52 
53 | 14449 474 326/15354 «26 328/16258 433 32.9/ 1716.) 437 33.1| 1806.4 420 33.3] 1856.5 445 33.4] 1946.5 449 33.6] 20364 453 338| 53 
34 | 15273 ara 31.9| 16182 427 32.0] 1709.1 431 32.2| 1759.8 435 32.4| 1850.4 «39 32.5] 1941.0 443 32.7] 2031.4 447 32.9] 2121.7 451°33.1] 54 
55 | 1609.6-422 31.1| 17009-426 31.3| 17522+429 31.5| 18 43.3+433 31.6| 1934.3+438 31.8] 20 25.3+441 320/21 161-435 32.2] 22068+419 324] 55 
56 |16518 «20 304/17 435 az« 306| 18351 428 307/19 266 432 30.9| 20181 435 31.1| 2109.4 439 31.3] 2200.6 444 31.5] 2251.7 448 31.7] 56 
57 | 1733.8 ais 297] 1825.9 422 29.8) 19179 426 300) 2009.8 430 30.2/ 21016 434 30.4) 21533 498 30.6] 22 45:0 30.8] 29965 243 310 37 
58 | 18156 416 289| 1908.1 420 29.1| 2000.5 423 29.2| 20528 427 29.4] 21 45.0 431 43.5 439 30. 443 
9 
59 | 18572 aia 28.1! 19501 «1a 263/ 20428 422 285| 2135.5 426 28.7|.22 28.1 430 28.9| 2320.6 434 29.1/ 2413.0 437 29.3] 25053 41) 29.5] 5 
: : 0 
19 38.6+413 27.4| 2031.9+416 27.5| 21 25.0+420 27.7] 2218.1+424 27.9] 2311.1 +427 28.1] 2404.0+43) 28.3] 24 56.7+435 28.5] 25 49.4+438 288| 61 
re 2019.9 a10 266] 21135 414 268| 22070 «18 269| 2300.5 421 27.1| 23538 425 27.3| 2447.1 428 275/25 40.2 433 27.8/ 2633.2 437 280) 61 
62. | 21009 «09 258121549 412 260| 22488 415 26.2| 23426 419 26.4| 2436.3 423 266) 25299 427 26.8) 2623.5 429 27.0| 27169 433 27.2| 62 
1 63 | 21418 «oe 250] 2236.1 409 252/ 23303 413 254/24 24.5 417 25.6] 25186 420 25.8/ 26126 423 26.0) 2706.4 428 26.2) 2800.2 431 264] 63 
64 | 22224 203 242| 23170 soe 244| 2411.6 411 24.6| 2506.2 414 24.8| 2600.6 41.7 25.0] 2654.9 421 25.2] 27 49.2 424 25.4| 28 43.3 428 25.7) 64 
1 ¢ 737.0418 24.4| 28 31.6+422 24.6] 29 26.1425 24.9| 65 
3 02.7+ 23.4] 2357.8+404 23.6] 24527+408 23.8| 25 47.6+411 24.0| 26 42,3+41.5 24.2] 27 37.014 
ra 53 4129 soe 226| 24382 s02 228| 25335 405 23.0| 26287 «08 23.2| 27238 412 23.4 28 18.8 a1 296/29 13.8 418 29.8 | 30086 «22 249 66 
7 | 24227 396 21.8] 25184 399 22.0] 2614.0 40.3 22.2| 2709.5 406 22.4| 2805.0 409 22.6 4 41.2 22. 6 416 84 ' 
re 25 023 394 21.0| 25583 397 21.2| 26543 399 21.3] 27501 403 21.5| 2845.9 406 21.7] 2941.6 409 21.9] 30 37.2 41.2 221) 31327 416 224) 68 
69 | 25417 390 2011 2638.0 393 203| 27342 396 205| 28 30.4 399 20.7| 29265 40.2 20.9| 3022.5 406 21.1/ 3118.4 «09 21.3] 32143 412 21.5) 69 
: f 37406 20.4] 32555+409 207) 70 
7g 19.3| 27 17.3+39.0 19.5] 281387394 19.6| 29 10.3+396 19.8] 30 06.7+399 20.0] 3103.1 +402 20.2) 31 59 
i 36 ay 3 184| 27563 387 186| 28532 389 188| 29499 393 19.0| 30466 99.6 19.2) 31 43.3 399 19.4] 3239.9 401 19.6] 33364 sos 198) 71 
72 | 2737.9 281 17.6] 2835.0 384 17.7| 2932.1 387 17.9/ 3029.2 399 18.1) 31 262 392 18.3) 92 23.2 39 18.5] 33 200 ae 18.7 | 34 168 401 189 72 
i 3 108 383 17.0] 3108.1 386 17. 4 388 17. 2. i i i i i 
a = sa? te “AE oe oe ve a 49.) ate 16.1| 31 46.7 382 16.3] 3244.2 365 16.5] 3341.8 387 16.7| 34 39.2 290 16.9| 35 36.6 392 17.) 74 
; E : ‘ 161) 75 
+ 1 27.0 - 15.2| 32 24.9+377 15.4| 33 22.7+380 15.6] 34 205+382 15.8) 35 18.2+385 15.9 | 36 15.8,38.8 
% 50 one a0 ee. ae a2 32 ae a) 14339026 374 145| 34007 37.46 14.6 34 $8.7 379 148 28 967 38.1 15.0 36 946 ws 182 7% 
8 363 13. f i 3.5| 3438.3 372 13.7 6.6 374 13. 18 a76 14) ( k 
77 | 30448 363 13.1| 3) 43.3 364 132] 3241.6 367 13.4] 33 40.0 369 1 1 129| 37124 372 13.1| 38109 373 132| 78 
123] 3318.3 363 12.4| 3416.9 365 12.6] 3515.5 367 127) 36140 369 AL z 4 U 
55 3! 370 Bee 12 32 Ae aes 123133 kas see 11s| 34534 ae0 116| 35522 262 11.8| 36509 a64 11.9] 3749.6 266 12.1] 38482 369 122 n 
‘ + 10.6] 36 28.4+35.7 10.8] 37 27.3+359 10.9] 38 26.2+36) 11.1} 39 25.1 +363 11.2 
gr 33 aeaesus "33 3a RS bee on 35058 309 "33 36 080 338 9.71 3704.1 352 9.8| 38032 354 9.9| 3902.3 356 10.0) 4001.4 357 192 a 
ee : : ; ‘ ; f ge| 38386 348 8.9| 3937.9 350 9.0| 4037.1 352 9. 
k 441.3 342 8.4| 3540.7 343 8.5] 36400 245 86 37 39.3 34.7 
BE Sore 88 a8 ries cha 74/38150 339 7.537145 340 76/38140 a41 77/9913.4 24.9 7.8/ 40129 344 7.9/4) 123 45 8.1) 88 
o 7 yee 336 as ao Lae 332 64136489 333 65|37485 334 66 38 48.) 335 67| 3947.7 336 68] 4047.3 337 69/41 468 339 7.0 84 
h6\ 331 6: : . . E : ; 
+ 5 b+ 5.6| 40 21.3+331 5.7] 41 21.0+332 5.8] 42 207+333 5.9 85 
85 |35227+326 5.3] 3622.5+326 5.4] 37 22.2+328 5.4) 38 21.9+329 Ae aa a8 7 Wosbee Pe wl Vd RCANELIPL IG w DTC cae wz 1S 
43| 3655.) 321 4.3] 3755.0 321 4.4] 3854.8 322 5 3 i : 
oD || eESei G20 33| 39270 a7 34] 40269 a17 34/41 268 318 3.5) 42267 aia 3.5) 43266 a9 36 
87 | 3627.3 31.5 3.2] 37 27.2 31.6 3.3) 38 271 316 nn oe sto 23/40 586 311 23] 41586 310 2.3/42585 311 24/ 43585 a1 24) 88 
rh IS Sr ari ¥ Bay ie ey oon 3031.1 | 40 29.7 sos 1) | 4129.7 303. 1.2] 4229.6 304 1.2| 4329.6 304 1.2] 44296 g04 1.2] 89 
CD UR Sal fy Se : ; ' f ; ' 0.0] 4500.0+276 0.0] 90 
90 | 3800.0+297 0.0] 39 00.0+297 0.0} 40 00.0~297 0.0] 41 00.0+297 0.0] 42 00.0+296 0.0] 4300.0+296 00 44 00.0+296 | | 
+— + 
(oer ae eT ale 42° 43° aa? 45° 
ey : H.A. 120°, 240° 
i 
(HA. greater thon 160°....20=80°-2 LATITUDE SAME NAME AS DECLINATION LH.A. ; 
Ss. tor { ° =180°+Z 
LH.A. less than 180°.. .Zn=18 


APPENDIX O: EXTRACTS FROM PUB. NO. 229 
INTERPOLATION TABLE 
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The Double-Second-Difference correction (Corr) is always to be added to the tabulated altitude 
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INTERPOLATION TABLE 
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7.5 14.9 22.4 298 373|| 7 10513 2027 3542 S057 687 05 5 i rf f 1 43.81) .6 10.5 1.4 2.33.1 4049 5866 7.5 8.4| 23.8 
é ; 5 54.2 5, eee U17 52.7] 88 17.6 26.4 35.2 43.9]|.7 1061.5 2 BTA 
7.5 15.0 22.4 29.9 37.4]) 8 |0.61.3 2.12.8 3643 5.05.8 657.3/13.9°° j PAN cel notice er repeat o ean Ola Ba, 
\ 8 3. 05.8 6. 3.9 52.8| 88 17.6 264 35.2 44.0||.8 1071.6 243.3 ne 
7.5 15.0 E 7 E 0} 34.25.) 5.96.8 7.7 8,6|31.1 
22.5 30.0 37.5 || 9 0.71.4 2.229 364.4 5.15.9 6.67.3/16.0 07} 152.9| 89 17.7 265 35.3 44.1||.9 |0817 2534 435.2 6.069 7887|/347 °° 
18.) 
7.5 15.0 22.5 30.0 37.5]! .0 |0.00.8 1.523 3.03.8 455.3 61 6.8/203°°| | 53.0 
00.8 1.52. 553 616, 0/88 17.6 26.5 35.3 44,1||.0 |0.009 1, 
7.5 15.0 22.5 30.0 37.6]| 1 |010.8 1624 3.139 4654 6169/224!°1 |s31| a8 175 768 aoa aaala O10 1928 Sona $3 7281 2.1 
7s 15.0 22.6 30.) 37.6 || .2 10.209 1.724 323.9 475.5 627.0124.5!)1|53.2| 88 17.7 266 35.4 44.3]].21021.1 2029 3746 5564 7382| 62°! 
a ee me = 37.7 |] 3 ]0.21.0 1.725 3340 485.5 637.1 26.7 13 $3.3) 8.9 17.8 26.6 35.5 44.4|| .3 0.31.2 212.9 3.847 5665 7.483110.4°2 
: : : 3 37.8 || 4 10.3 1.1 1826 3341 495.6 647.1/288131 153.4] 89 178 26.7 356 445]| .4|0.41.2 2.13.0 3948 5766 7584 14.503 
7.6 15.2 228 30.3 37.9]] 5 |0.41.1 1927 3.44.2 4957 647.2/209\51153.5| 89 178 268 18.695 
Az 5] 8, 8 35.7 44.6||.5|0.41.3 223.1 4049 5. 
Mea issacarusoar colle ab Nes2Ouzionaia OSG, 657.3|52 142 | lisaeliao. ieonsscecesuaacll ¢ lOsia aa cel aicore cao oe 22.8 08 
7.6 15.3 22.9 30.5 38.1 || 7 |0.51.3 2.028 3643 5158 667.4|952 53.7| 9.0 17.9 269 35.8 448]|.7|061.5 243.3 4.251 6069 788.6|/2°%o7 
77 15.3 22.9 306 38.2]| 8 [0.61.4 212.9 364.4 5.25.9 677.4 53.8] 9.0 18.0 26.9 35.9 44.9]| .8|0.71.6 253.4 4352 617.0 7887|3!! op 
7.7 15.3 23.0 30.6 38.3) -9 |071.4 223.0 3.745 5260 677.5 53.9/ 9.0 18.0 27.0 36.0 45,0|| .9 0.81.7 2.63.5 4.45.3 627.0 7.988|2>2 
7.6 15.3 23.0 30.6 38.3 || .0 0.008 1.523 3.13.9 4.65.4 627.0| 12 54.0] 9.0 18.0 27.0 4 ° 9 
7.7 15.3 23.0 30.7 38.4] .1 0.10.9 1624 3240 4755 637.1) 35°'1154.1190 180 270 360 pra + 00 10 1928 3746 S564 7483 2.4 
7.7 15.4 23.) 30.8 385]! 2 |0.209 1.725 3340 485.6 6.47.1] 58°2]]54.2| 9.0 18.0 271 36) 45.1|| 2/021.) 2029 3847 5665 7.484| 72°! 
7.7 15.4 23.1 30.9 38.6]| 3 /0.21.0 1826 334) 4.95.7 6.472] 9) 93/1543! 90 181 271 362 452||.3/031.2 2130 3948 5766 7584| 12002 
7.7 15.5 23.2 30.9 387} 4 |0.31.1 1926 3.44.2 5.05.7 657.3\19594] 154.4] 91 181 27.2 363 453/| 4 (0.41.3 2231 4049 5867 7685]168 02 
7 28°° 304 
8 15.5 23.3 31.0 38.8 || .s ]0.41.2 1.92.7 3543 5.05.8 667.4] 12.8 54.519. 18.2 27.3 363 45.4|| .5 |0.51.4 233.2 4.15.0 5968 7.7 21.6 
78 155 233 31.1 3881} 6 [051.2 2028 3643 5.15.9 677.4115.) 0°91 154.6| 91 182 273 364 desl 6 |05 15 2433 4251 6069 73 Ba 26.4 0? 
7.8 15.6 23.4 31.2 389]! .7 |0.51.3 2129 364.4 5.260 677.5|17-455]154.7| 9.1 183 27.4 365 45.6]|.7|0.61.5 253.4 435.2 617.0 7.988|3!-2 97 
78 15.6 23.4 31.2 39.0) 8 /0.61.4 2229 3745 5360 687.6/198 55] 154.8| 9.2 183 27.4 36.6 45.7]|.8|0.71.6 2.53.5 4.45.3 627.1 8.08,9}36.0 
7.9 15.7 23.5 31.3 39.1 || 9 0.71.5 223.0 3846 5361 6977 ee 10} [54-9] 9.2 183 27.5 366 458|/.9|081.7 263.5 455.4 637.2 819.0 
oa | 
7.8 15.6 235 31.3 39.1]} .0 0008 1624 3.24.0 475.5 6.37.1|267,,]]55.0] 91 183 27.5 36.6 45.8||.0|0.009 1.828 3.74.6 5.565 7.483 
7.8 15.7 235 31.4 39.2]) 1 |0109 1725 3240 485.6 647.2/2%1 | 155.1| 92 183 275 367 45.91] .1 |0.1 1.0 1929 3847 5666 758.4 
7.8 15.7 23.6 31.4 39.3]! 2 |0.20.9 1.72.5 334.1 4.95.7 6.57.3/31.4,,]]55.2| 92 18.4 27.6 368 460] .2 1021.1 2030-3948 5767 7685] 299, 
79 15.8 236 315 39.4]) 3 10.210 1826 3442 5058 667.4/337-1155.3| 92 184 276 369 46.1||.3 0.31.2 213.1 4049 5868 7.786| 86, 
7.29 158 23.7 31.6 39.5|| 4 ]031.1 1927 3543 5.15.9 6.67.4|36.0 55.4] 9.2 185 27.7 369 46.2]|.4|0.41.3 223.1 415.0 5968 7887 yee 
7.9 158 23.8 31.7 396|| -S |0.41.2 2028 3.64.4 515.9 677.5 55.5| 9.3 18.5 27.8 37.0 463]|-5 1051.4 233.2 4.25.1 6069 7.98.8|25,9%4 
7.9 159 238 317 39.7]|| 610513 2128 3.644 5.260 6876] 13 55.6| 9.3 185 27.8 37.1 463]|.6 061.5 2.43.3 4.35.2 617.0 808.9\3)7°° 
8.0 159 239 318 398]) 7 |061.3 2129 3.745 5361 6977] 38°'|]55.7| 9.3 186 27.9 37.2 46.4]|.7 |0.61.6 253.4 4.35.3 6.27.1 8.09.0/375% 
8.0 16.0 23.9 319 39.9]|) 8 061.4 223.0 3846 5462 7.07.8) 63°72] ]55.8| 9.3 186 27.9 37.2 46.5]| .8 /0.71.7 263.5 445.4 637.2 8191 
80 160 240 320 400]) 9 071.5 2331 3947 5563 7.078] g9°3| 155.9) 94 187 280 37.3 46.6||.9 [081.8 2736 4555 6.47.3 829.2 
4 
11.4 ; 
8.0 16.0 240 320 40.0|] .0 0.008 1.624 3.24.0 4.85.7 657.3]}49°5) 156.0] 9.3 186 28.9 37.3 46.6]|.0 |0.009 1.928 3847 5666 7.58.5 
8.0 16.0 240 32.0 40.) |] 1/0109 1725 3341 4957 657.4|)4596| 156.1193 187 280 37.4 46.7||.1|011.0 2029 3948 5767 7686 
8.0 16.0 241 321 401]| 2 021.0 1826 3442 5058 667.41,;95°7| 1562/93 187 28.1 37.4 468||.2 1021.1 2.13.0 4049 5868 7.78.7| 3.6 
80 16.1 24) 322 402] 3 |0.21.1 192.7 3543 5.159 6775/9498] 156.3| 94 188 28.1 37.5 46.91] 3 1031.2 223.) 4.05.0 5.969 7888109"! 
8.1 16.1 24.2 323 403] 4 |0.31.1 1927 3644 5.260 687.6/5,)99] 156.4] 9.4 188 28.2 37.6 47.0|| .4/0.41.3 233.2 4.15.1 607.0 7.989 18.253 
"510 
8.1 16.2 243 32.3 40.4]] 5 |0.41.2 2028 3644 5361 6.97.7|267 56.5| 9.4 188 283 37.7 47.1||.5 1051.4 2.43.3 4.25.2 617.1 8.089|2>>04 
td 32.8 
8.1 16.2 243 32.4 405|| 6 |0.51.3 2.129 3745 5.36.1 7.07.8/29.2 56.6| 9.4 189 283 37.7 47.2||.610.61.5 2.43.4 435.3 627.2 8.19.0|228 95 
12 40.1 
81 163 244 325 406|| 7 [0.61.4 2230 3846 5462 707.8317 91 156.7| 9.5 189 28.4 37.8 47.3] 710.716 2535 4.45.4 637.3 829.1|40 
8.2 163 24.4 326 40.7}| 8 |061.5 233.1 3947 5563 7.1 7.9/34.3 56.8) 9.5 19.0 28.4 37.9 47.4|| 6 /0.81.7 263.6 455.5 647.3 839.2 
8.2 163 245 326 40.8]| .9 |0.71.5 233.2 4048 5664 7.280 56.9| 9.5 19.0 28.5 38.0 47.5]] 9 |0.81.8 2.73.7 4.65.6 657.4 849.3 
8.1 163 24.5 32.6 40.8|| .0 |0.00.8 162.5 3341 4958 667.4 57.0| 9.5 19.0 285 38.0 47.5|!.0 |0.01.0 1929 3848 5.767 7.786 
8.2 16.3 245 327 40.9]! 1 |0109 1.726 3442 5.05.9 677.5) |, 57.1| 9.5 19.0 285 380 47.6||.1 0.11.1 203.0 394.9 5868 7.887 
82 164 246 328 41.0] 2 |0.21.0 1826 3543 5.15.9 687.6 %o\]157.2| 9.5 19.0 286 38.1 47.6] .2 0.21.1 213.1 405.0 5.969 7.98.8 
82 164 246 329 411 || 3 |021.1 1927 3544 5260 687.7| 42921157.3/ 9.5 19.1 286 382 47.7]|.3 1031.2 2.23.2 415.1 6.07.0 8089! co 
82 165 247 329 412|| 4031.2 2028 3645 5361 697.8) 7193} 157.4| 9.6 19.1 28.7 38.3 47.8\|.4/0.41.3 293.3 4.25.2 617.1 8.09.0|)590! 
Owe 
83 16.5 248 33.0 4131] 5 1041.2 2129 3745 5462 7.078\127°4]|57-5| 9.6 19.2 288 383 47.9||.5 0.51.4 2.43.4 435.3 6.27.2 8.19.1|25.0 55 
83 165 248 331 4131] 6 10513 2130 3846 5463 7.17.9/155°°| |57-6| 9.6 19.2 288 384 48.0]| 6 |0.61.5 253.4 4.45.4 637.3 8.29.2/35.1 
83 166 249 332 414|| 7 |061.4 2231 3947 5564 7280\194°°]|57.7| 9.6 19.3 289 385 48.1]|.7 1071.6 2635 455.5 647.4 839.3 
83 166 249 332 415|| 8 1071.5 233.1 4048 5664 7.38.1/9, 7°74 |57.8| 97 19.3 28.9 38.6 48.2]! .8 [0.81.7 2.73.6 465.6 657.5 849.4 
84 167 250 333 416]| 9 [071.6 2432 4049 5765 7382/7498] |57.9| 97 19.3 290 386 48.3||.9 10918 2837 4757 6676 8.59.5 
26.8 
83 166 250 333 416|| 0 [0008 1.725 3.442 5059 677.6/297!'°] 158.0| 9.6 19.3 29.0 38.6 48.3]].0 /0.01.0 1929 3949 5868 7.88.8 
83 167 250 334 417|| 1/0109 1826 3543 5160 6877/395!'']158.1| 97 19.3 29.0 387 48.4]/.1 0.11.1 203.0 405.0 5969 7.98.9 
83 167 251 334 418|| 2 |021.0 1927 3544 5.261 6.97.7}364!2]158.2| 9.7 19.4 29.1 388 485]/.2 0.21.2 213.1 415.1 607.0 809.0 
B84 168 25.1) 335 41.9|| 3 |031.1 1928 3645 5361 7.078] — 58.3/97 194 291 389 486]/.3/031.3 223.2 4252 617.1 819.1) |. 
8.4 168 25.2 33.6 420]| 4 |0.31.2 2029 3.745 5462 7.17.9 58.4| 97 19.5 292 389 487||.4|0414 2333 4953 627.2 829.2) 82, 
$051.5 243.4 445.4 637.3 8.39.3|41.9°? 
84 168 253 337 42.1 || -5 10.413 2129 3846 5563 7.280 58.5| 9.8 19.5 293 39.0 48.8]|.5 |0.51.5 243.4 445.4 6 RR 
84 16.9 253 337 4221] 6 |0513 223.0 394.7 5.664 7.28.) 58.6| 9.8 19.5 29.3 39.) 48.8|| 6 1061.6 253.5 4555 6474 8.494 
85 169 254 338 423] 7 |0614 2331 4048 5665 7382 587/98 196 29.4 39.2 48.9||.7 |0.71.7 2636 465.6 6575 8595 
Bs 170 284 339 424|| 8 [0.715 243.2 4049 5766 7.48.2] 165,1]588/ 98 196 29.4 39.2 49.0]| 8/0818 2.73.7 4757 667.6 869.6 
85 170 255 340 42.5|| 9 |081.6 243.3 4.15.0 5866 7.583 4803 58.9|99 19.7 29.5 39.3 49.1||.9 |0.91.9 283.8 4858 677.7 8.797 
POld 
i Lvieae 2x 443 5160 697.7 hie. 59.0| 9.8 19.6 29.5 39.3 49.1]] 0 |001.0 203.0 4050 5969 7.989 
Bio 20 Sze, 40 475) 0 1000-2 UL Ze eS 7078114506) 159.1} 98 19.7 29.5 394 49.2] 10111 213.1 415.1 607.0 809.0 
85 17.0 25.5 340 426] .1 0109 1827 3544 5261 i 05 16.2 
BS 170 256 341 426|| 2 1021.0 1927 3645 5362 7079|!7-7 54] |59-2| 98 19.7 29.6 39.4 49.3]! .210.21.2 223.2 425.2 6.17.1 8.19.1) 4360! 
85 171 256 342 427] 3 1031.1 2028 3745 5463 7.180|209),] 159.3 | 9.9 19.8 29.6 395 49.4]/.3 0.31.3 233.3 435.3 627.2 829.2 
EA RANA aaa ae 4a alleen (Ord 124129 19.84.61 515 4:40 7228.1 24 36 59.4|99 198 29.7 39.6 49.5|| 4|0.41.4 243.4 445.4 637.3 839.3 
5 10.413 213.0 3947 5664 7382/4559] [59-5] 99 19.8 29.8 39.7 49.6]|.5 051.5 253.5 455.5 647.4 849.4 
a6 192 358 aa a0 s Osa 223.1 3948 5765 7.482 ee 59.6|9.9 199 298 39.7 49.7]| 6 |0.61.6 263.6 4.656 657.5 859.5! go 
B6 173 259 345 43) ||.7 1061.5 2332 4049 5866 7583\4,9!!] [59.7 |10.0 19.9 29.9 398 49.8)).7 0.71.7 2.73.7 4757 667.6 8696) 4900 
: 9 346 43. ; Teese 59.8 1100 200 29.9 399 499]| 8|0.81.8 2838 485.8 6777 8797 
87 17.3 25.9 346 43.2]) 8 |0.71.5 243.3 415.0 5867 7.68. AEM ORSHOll ploeiie aoe) dolsorae Ziel Beofe 
87 173 26.0 346 43.3] 9 1081.6 253.3 425.1 5968 7.685 59.9 10.0 20.0 0 50.0]| - 193.9 495, 8 B89. 
10" 20° 30° 40° $0’ or? 3 45 6 7 8 9 To’ 20° 390° 40° so’ || [o' 1 2) 3' 4° 5’ 6 7’ 8 9 


The Double-Second-Difference 


correction (Corr.) is always to be added to the tabulated altitude. 


LAT 41°S 


Alpheratz 


2002 002)19 21 031 
20 03 001/19 43 030 
20 03 000}2005 029 
20 02 359/20 27 028 
20 01 358] 20 48 027 


1959 357} 2108 026 
19 56 356} 21 27 025 
19 53 355)21 46 024 
19 49 354) 22 04 023 
19 44 353) 22 22 022 


19 38 352} 22 39 021 
19 32 351/2255 020 
19 25 351/23 10 019 
1917 350}23 25 018 
19 08 349} 23 39 017 


¢Hamal RIGEL 


2352 017)25 25 078 
2405 016) 2609 078 
2416 015] 2653 077 
24 27 014) 27 37 076 
24 38 013}2821 075 


24 47 0012/2905 075 
2456 011/29 48 074 
25 04 010) 30 32 073 
2511 009/3115 072 
2517 008)3158 071 


25 23 007) 32 41 071 
25 27 006| 33 23 070 
25 31 005/34 06 069 
25 35 004/34 48 068 
25 37 002) 35 30 067 


¢Hamal RIGEL 


25 38 001/3611 066 
25 39 000} 3653 065 
25 39 359) 37 34 065 
25 38 358)3815 064 
25 37 357)|3855 063 


25 34 356) 39 35 062 
25 31 355/4015 061 
25 27 354} 40 54 060 
25 22 353/41 33 059 
25 16 352/42 12 058 


2510 351/42 50 057 
25 03 350/43 27 056 
2455 349/44 05 055 
24 46 348) 44 41 054 
24 36 347) 4518 053 


*RIGEL SIRIUS. 


45 53 051/36 20 080 
46 28 050/37 05 080 
47 03 049] 37 49 079 
47 37 048 | 38 33 078 
48 10 047/3918 077 


48 43 045/40 02 076 
49 14 044) 40 46 076 
49 46 043/41 29 075 
5016 041}42 13 074 
50 46 040/42 57 073 


5114 039/43 40 072 
5142 037/44 23 071 
5209 036/45 06 071 
5235 034/45 48 070 
53 00 033/46 31 069 


ALDEBARAN | ¢SIRIUS 


3159 010/47 13 068 
32 06 009/47 54 067 
32 13 008} 48 36 066 
32 18 006/49 17 065 
32 23 005/49 58 064 


32 26 004/50 38 063 
32 29 003|5118 062 
32 31 002}5158 060 
32 32 001/52 37 059 
32 32 000/53 15 058 


32 32 358/53 54 057 
32 30 357}5431 056 
32 27 356|55 08 054 
32 24 355/55 45 053 
32 19 354) 56 21 052 


BETELGEUSE | SIRIUS 


40 02 018/56 56 050 
40 16 01657 30 049 
40 28 015/58 04 047 
40 39 014/58 37 046 
40 49 012/59 09 044 
4059 011/59 41 043 
4107 010}6011 041 
4114 009] 60 40 040 
41 20 007) 6109 038 
4125 006/61 36 036 
41 30 005} 62 02 034 
41 33 003/62 27 032 
4135 002/62 51 031 
41 36 001/63 13 029 
41 36 359163 34 027 


Hamal 


CONAN SPwrro 


1256 


RIGEL 


A 
1456 
15 41 
16 26 
SY Pad 


1757 
18 42 
19 27 
2012 
20 57 


2142 
2227 
2311 
23 56 
2440 


089 
088 
087 
087 
086 


085 
085 
084 
083 
083 


082 
081 
080 
080 
079 


*CANOPUS 


36 29 
37 02 
37 36 
38 10 
38 45 


3919 
39 53 
40 28 
41 03 
41 38 


4213 
42 48 
43 23 
43 58 
44 33 


132 
132 
131 
137 
131 


131 
130 
130 
130 
130 


129 
129 
129 
129 
129 


SIRIUS 


25 04 
2549 
26 34 
2719 
2805 


28 50 
2935 
30 20 
3105 
3151 
32 36 
3321 
34 06 
3450 
35 35 


091 
090 
089 
089 
088 
087 
087 
086 
085 
085 
084 
083 
083 
082 
081 


CANOPUS 


5409 
5446 
55 22 
5559 
56 35 


by/ibk 
57 48 
58 24 
59 00 
59 36 


60 13 
60 49 
6125 
62 01 
62 36 


127 
127 
127 
127 
127 
127 
127 
127 
127 
127 
127 
127 
127 
128 
128 


Suhail 


3510 
35 49 
36 28 
37 08 
37 48 


38 27 
39 08 
39 48 
40 28 
4108 
4149 
42 30 
4310 
4351 
44 32 


120 
120 
119 
119 
118 


118 
118 
117 
117 
117 
116 
116 
116 
115 
115 


Suhail 


4514 
4555 
46 36 
4718 
4759 
48 41 
49 23 
5005 
50 46 
5129 
5211 
5253 
53 35 
5418 
5500 


115 
114 
114 
114 
113 
113 
113 
112 
112 
112 
lll 
lll 
111 
110 
110 


CANOPUS 


28 22 137 
28 53 136 
2925 136 
2956 136 
30 28 135 


3100 135 
3132 135 
32 04 134 
32 37 134 
3309 134 


33 42 133 
3415 133 
34 48 133 
35 22 132 
3555 132 


RIGIL KENT. 


13 41 192 
13 32 192 
13 23 191 
1314 191 
13 06 190 


1258 190 
1251 189 
12 44 189 
12 37 188 
1231 188 


12 25 187 
1220 187 
1215 186 
1210 186 
1206 185 


*CANOPUS 


45 09 128 
4545 128 
46 20 128 
46 56 128 
47 32 128 


48 08 128 
48 44 127 
49 20 127 
49 56 127 
50 32 127 


5108 127 
5144 127 
5220 127 
5257 127 
53 33 127 


*RIGIL KENT. 


1150 377 
1152 177 
1155 176 
1158 176 
1202 175 


1206 175 
1210 174 
1215 174 
12 20 173 
1225 173 


1231 172 
12 38 172 
12 44 171 
1251171 
1259 170 


RIGIL KENT. 


13 06 170 
1315 169 
13 23 169 
13 32 168 
13 41 168 


13 51 167 
1401 167 
1411 167 
14 22 166 
14 33 166 


1445 165 
1456 165 
1509 164 
1521 164 
15 34 163 
RIGIL KENT. 
15 47 163 
1601 162 
1615 162 
1629 161 
16 43 161 
1658 161 
17 13 160 
17 29 160 
17 45 159 
1801 159 
1817 158 
18 34 158 
18 51 158 
1909 157 
19 26 157 


#RIGIL KENT 


16 43 199 
16 28 198 
1614 198 
16 00 198 
15 46 197 


15 33 197 
15 20 196 
1508 196 
1456 195 
14 44 195 


14 33 194 
1421 194 
1411 193 
1400 193 
13 50 193 


Peacock 


4409 225 
43 37 225 
4305 225 
42 33 225 
4201 225 


41 29 225 
4057 224 
40 25 224 
39 54 224 
39 22 224 


3851 224 
38 20 223 
37 49 223 
37 18 223 
36 47 223 


RIGIL KENT. 


12 02 185 
1158 184 
1155 184 
1152 183 
1150 183 


11 48 182 
1146 182 
1145 181 
11 44 181 
11 44 180 


11 44 180 
1144 179 
1145 179 
11 46 178 
11 48 178 


Peacock 


2856 218 
28 28 218 
2801 217 
2733 217 
27 06 217 


26 39 216 
2612 216 
25 46 216 
2519 215 
24 53 215 


24 28 215 
2402 214 
23 37 214 
23 11 213 
22 47 213 


ACHERNAR 


6157 222 
6127 223 
60 56 223 
60 25 223 
5954 224 


59 23 224 
5851 224 
58 20 224 
57 48 224 
5716 225 


5645 225 
5613 225 
55 41 225 
5508 225 
54 36 225 


ACHERNAR 


54 04 225 
53 32 225 
5259 226 
5227 226 
5155 226 


51 22 226 
5050 226 
5018 226 
49 45 226 
49.13 226 
48 41 225 
48 08 225 
47 36 225 
47 04 225 
46 32 225 
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Peacock 


5219 
5146 
5113 
50 40 
50 08 


49 35 
49 02 
48 29 
4757 
47 24 


4651 
4619 
45 46 
45 14 
4441 


226 
226 
226 
226 
226 


226 
226 
226 
226 
226 


226 
226 
226 
226 
226 


FOMALHAUT 


62 35 
6151 
6106 
60 22 
59 38 


58 53 
58 08 
57 24 
56 39 
5554 


55 09 
54 24 
53 38 
5253 
52 08 


284 
283 
282 
281 
281 


280 
279 
278 
277 
276 


276 
275 
274 
273 
Pape} 


*Peacock 


3617 
35 46 
3516 
34 45 
3415 


33 46 
33 16 
32 46 
3217 
3148 


3119 
30 50 
3021 
29 53 
29 24 


222 
222 
222 
222 
221 


221 
221 
221 
220 
220 


220 
219 
219 
219 
218 


4FOMALHAUT 


40 05 
39 20 
38 35 
3751 
37 06 


3621 
35 37 
34 52 
34 08 
33 24 
32 40 
3155 
3112 
30 28 
29 44 


263 
262 
262 
261 
260 
260 
259 
259 
258 
258 
257 
257 
256 
255 
255 


*Diphda 


42 07 
41 23 
40 39 
39 54 
39 10 
38 25 
37 41 
36 56 
3611 
35 26 
3441 
33 56 
3311 
32 26 
3140 


283 
283 
282 
281 
280 


279 
279 
278 
277 
276 
276 
275 
274 
274 
273 


*Diphda 


3055 
3010 
2925 
28 39 
27 54 


2709 
26 23 
25 38 
24 53 
24 08 
23 23 
225 
2152 
2107 
20 22 


272 
272 
271 
270 
270 


269 
268 
268 
267 
266 
266 
265 
265 
264 
263 


: 

*Enif PROCYON Alphard *Suhail RIGIL KENT. | *ACHERNAR 
30 14 320 38 34 032)34 08 069/55 43 110}19 44 156} 46 00 225 
2945 319 38 57 031)3451 069) 56 25 110/20 03 156/45 28 225 
2915 318 39 20 030} 35 33 068|57 08 109/20 21 156)44 56 225 
28 44 317 39 42 028) 36 14 067|57 51 109/20 40 155] 44 24 225 
28 13 316 40 03 027) 36 56 066| 58 34 109} 2059 155} 43 52 225 
27 419315 40 23 026) 37 37 065|5917 108/2119 154/43 20 224 
2709 314 40 42 025} 3818 064) 60 00 108} 21 39 154/42 49 224 
26 37 313 4101 023/38 59 063/60 43 108]2159 154/42 17 224 
26 03 312 4118 022/39 39 062)61 26 108} 2219 153/41 46 224 
25 30 312 41 35 021/40 19 061/62 09 108} 22 39 153/41 14 224 
2456 311 41 51 020} 40 58 060/62 52 107) 23 00 152] 40 43 224 
24 21 310 42 05 018) 41 38 059) 63 35 107) 23 21 152/40 12 223 
23 46 309 4219 017/42 16 058/64 19 107} 23 43 152) 39 41 223 
23 11 308 42 32 016/42 55 057/65 02 107/24 04 151/39 10 223 
22 35 307 42 43 014) 43 33 056/65 45 106/24 26 151|38 39 223 

Alpheratz PROCYON REGULUS *Gienah RIGIL KENT. | *ACHERNAR 
1859 348 42 54 013] 21 36 050/19 46 096/24 48 151} 38 08 223 
18 49 347 43 04 012) 2211 049/20 31 096/25 10 150}37 38 222 
18 38 346 4312 010) 22 45 048) 2116 095} 25 33 150|37 07 222 
18 27 345 43 20 009} 23 18 047) 22 01 094/25 56 150| 36 37 222 
1815 344 43 26 008) 23 51 047) 22 46 094) 26 19 149/36 07 222 
18 02 343 43 32 006] 24 24 046] 23 32 093) 26 42 149| 35 37 221 
17 49 342 43 36 005] 24 56 045) 2417 092] 27 05 149] 3507 221 
17 35 341 43 39 003) 25 28 044) 25 02 092| 27 29 148 | 34 37 221 
17 20 341 43 41 002} 2559 043) 25 47 091/27 53 148|3407 221 
1705 340 43 42 001) 26 29 042) 26 33 091) 2817 148] 33 38 220 
16 49 339 43 42 359| 2659 041] 27 18 090] 28 42 147) 33 09 220 
16 32 338 43 41 358) 27 29 040] 28 03 089] 2906 147/32 40 220 
1615 337 43 39 357) 27 58 039) 28 49 089/29 31 147/32 11 220 
15 57 336 43 36 355) 28 26 038) 29 34 088/29 56 146/31 42 219 
15 39 335 43 32 354) 28 54 037] 3019 087/30 21 146] 3113 219 
FOMALHAUT REGULUS *SPICA RIGIL KENT. | *ACHERNAR RIGEL 
5123 272 29 21 036] 14 00 093) 30 46 146] 3045 219/40 41 300 
50 38 271 29 47 035/14 45 092|3112 146/3017 218/40 02 299 
49 52 271 30 13 034) 15 30 091) 31 37 145] 2949 218] 39 22 298 
4907 270 30 38 033)1615 091) 3203 145] 29 21 218]38 42 297 
48 22 269 31 02 032] 17 01 090) 32 29 145) 2854 217)3801 296 
47 36 269 31 26 031) 17 46 089| 32 56 145/28 26 217/37 20 295 
4651 268 3149 030] 18 31 089) 33 22 144] 27 59 217| 36 39 294 
46 06 267 3211 029/19 17 088] 33 48 144) 27 32 216/35 58 293 
45 21 267 32 33 028) 20 02 087) 3415 144] 27 05 216/35 16 292 
44 35 266 32 54 027] 20 47 087) 34 42 144) 26 39 216] 34 34 292 
4350 266 33 14 026} 21 32 086) 35 09 143} 2612 215]33 52 291 
4305 265 33 33 025] 2217 085] 35 36 143] 25 46 215] 33 09 290 
42 20 264 33 51 023] 23 02 085] 36 03 143]25 21 215|32 27 289 
4135 264 34 09 022] 23 47 084] 36 31 143/2455 214]31 44 288 
40 50 263 34 26 021) 24 32 083) 36 58 142} 24 30 214/31 01 288 

Hamal REGULUS *SPICA RIGIL KENT. | *ACHERNAR | CANOPUS 
24 26 346 34 42 020} 25 17 083) 37 26 142] 24 04 214/61 14 233 
2415 345 34 57 019} 26 02 082) 37 54 142} 23 40 213] 60 38 233 
24 03 344 35 11 018} 26 47 081) 38 22 142}2315 213]60 02 233 
23 50 343 35 24 017) 27 32 080) 3850 142} 2251 212]59 25 233 
23 37 342 35 37 015} 28 16 080] 3918 141} 22 26 212/58 49 233 
23 23 341 35 48 014/29 01 079] 39 46 141] 22 03 212/58 13 233 
23 08 340 35 59 013] 29 45 078/40 15 141) 21 39 211] 57 37 233 
22 53 340 36 09 012} 30 29 077/40 43 141/21 16 211/57 00 233 
22 37 339 36 18 011}3114 077) 4112 141) 2053 210]56 24 233 
22 20 338 36 26 009} 31 58 076/41 40 141] 20 30 210/55 48 233 
22 02 337 36 33 008} 32 41 075/42 09 141] 2007 210]55 11 233 
2144 336 36 39 007} 33 25 074) 42 38 140/19 45 209/54 35 233 
2125 335 36 44 006} 34 09 074/43 07 140/19 23 209/53 58 233 
2105 334 36 48 005] 34 52 073} 43 36 140/19 02 208|53 22 233 
20 45 333 36 51 003} 35 35 072} 44 05 140/18 40 208] 52 46 233 

Hamal REGULUS 4SPICA RIGIL KENT. | *ACHERNAR | CANOPUS 
20 24 332 36 53 002} 36 18 071] 44 34 140|1819 207]5209 233 
2003 331 36 54 001} 37 01 070) 45 03 140/1759 207]51 33 233 
19 41 330 36 55 000} 37 43 069] 45 32 140]17 38 207|5057 233 
1918 329 36 54 358} 38 26 069) 46 01 140/17 18 206/50 21 233 
18 54 329 36 52 357) 39 08 068] 46 31 140/16 58 206/49 45 233 
18 31 328 36 50 356} 39 49 067] 47 00 140/16 39 205/49 09 233 
18 06 327 36 46 355) 40 31 066147 29 140/16 20 205] 48 33 233 
17 41 326 36 41 354/41 12 065/47 58 140/16 01 204/47 57 232 
1715 325 36 36 352/41 53 064/48 28 140} 15 42 204] 47 21 232 
16 49 324 36 29 351} 42 33 063/48 57 140115 24 203] 46 45 232 
16 22 323 36 22 350} 43 14 062] 49 26 140/15 07 203/46 09 232 
1555 323 36 14 349} 43 53 061/49 56 140/14 49 202] 45 34 232 
15 27 322 36 04 348/44 33 060/50 25 140] 1432 202|44 58 232 
1459 321 35 54 346/45 12 059/50 54 140]1415 201] 44 23 231 
14 30 320 35 43 345145 50 058]51 24 140/13 59 201|43 47 231 
ALDEBARAN SPICA *ANTARES | RIGIL KENT. | ACHERNAR | *CANOPUS 
3214 353 46 28 057122 42 106/51 53 140/13 43 201]43 12 231 
32 08 352 47 06 056/23 26 105/52 22 140] 13 27 200] 42 37 231 
32 01 351 47 43 055) 2410 105/52 51 140/13 12 200] 42 02 231 
3153 349 48 20 053/24 53 104/53 20 140/12 57 199/41 27 230 
3144 348 48 56 052) 25 37 104] 53 49 140/12 42 199]40 52 230 
3135 347 49 32 051] 26 21 103/54 18 140/12 28 198|4018 230 
3124 346} 5007 050} 27 06 103/54 47 141/12 14 198/39 43 230 
3113 345 50 41 049/27 50 102/55 15 141/12 00 197]3909 229 
3101 344 5114 047] 28 34 101/55 44 141]1147 197] 38 34 229 
30 48 343 5147 046) 2919 101/56 12 141]11 35 196/38 00 229 
30 34 342 52 20 045/30 03 100] 56 41 141] 11 22 196] 37 26 229 
3019 341 5251 043/30 48 100/57 09 142/11 10 19° 13652 228 
3004 340 53 22 042) 3132 099/57 37 14211059 195|3619 228 
29 48 338 53 52 040] 3217 098/58 05 142/10 48 194] 35 45 228 
29 31 337 54 21 039) 33 02 098) 58 32 143|10 37 194] 3512 227 


24 


LAT 41°S 


He 


RIGEL 


55 38 339 
55 21 338 
55 03 336 
5444 334 
54 24 333 


5403 331 
53 40 330 
5317 328 
De oewen 
52 27 325 


5200 324 
5133 322 
5105 321 
50 36 319 
50 06 318 


RIGEL 


49 35 317 
49 04 315 
48 32 314 
47 59 313 
47 25 312 


46 51 
4617 
45 41 
45 06 
4429 


43 52 
4315 
4237 
4159 
4120 


BETELGEUSE 


33 36 321 
33 07 320 
32 38 319 
32 08 318 
31 38 317 


3107 316 
30 35 315 
30 03 314 
29 31 313 
2858 313 


28 24 312 
2750 311 
2715 310 
26 40 309 
26 05 308 


SIRIUS 


5159 300 
5119 299 
50 39 297 
4959 296 
4918 295 


48 37 294 
47 55 293 
47 14 292 
46 31 291 
45 49 290 


45 07 289 
44 24 289 
43 41 288 
42 58 287 
42 14 286 


SIRIUS 


4130 285 
40 47 284 
40 03 284 
3919 283 
38 34 282 


37 50 281 
37 06 280 
36 21 280 
35 36 279 
3451 278 


3407 277 
33 22 277 
32 37 276 
3152 275 
3107 275 


SIRIUS 


30 21 274 
29 36 273 
2851 273 
28 06 272 
27 20 271 
26 35 271 
25 50 270 
2505 269 
2419 269 
23 34 268 
22 49 267 
22 04 267 
2118 266 
20 33 265 
19 48 265 


Zn 


He 


Zn 


*BETELGEUSE 


41 35 
4132 
4129 
4125 
4120 


4113 
41 06 
4058 
40 48 
40 38 


40 27 
40 14 
4001 
39 47 
39 32 


358 
357 
355 
354 
353 
351 
350 
349 
347 
346 


345 
344 
342 
341 
340 


*BETELGEUSE 


39 16 
3859 
38 41 
38 22 
38 03 
37 42 
37 21 
36 59 
36 36 
36 12 


35 48 
35 23 
3457 
34 31 
34 03 


339 
337 
336 
335 
334 
333 
331 
330 
329 
328 
327 
326 
325 
324 
323 


*PROCYON 


43 26 
43 20 
43 12 
43 04 
4254 
42.43 
42 32 
4219 
42 05 
4150 
4135 
4118 
4101 
40 42 
40 23 


352 
351 
350 
348 
347 
346 
344 
343 
342 
340 
339 
338 
337 
335 
334 


*PROCYON 


40 03 
39 42 
39 20 
3857 
38 34 
38 09 
37 44 
37 18 
36 52 
36 25 
3557 
35 28 
3459 
3429 
33 58 


333 
332 
330 
329 
328 
327 
326 
325 
324 
322 
321 
320 
319 
318 
317 


*PROCYON 


3327 
32 56 
32 23 
3151 
3117 
30 44 
3009 
29 34 
2859 
2824 
2747 
2711 
26 34 
25 56 
2519 


316 
315 
314 
313 
312 


311 
310 
309 
308 
307 
307 
306 
305 
304 
303 


*REGULUS 


3531 
3518 
35 04 
3450 
34 34 


3418 
3401 
33 43 
33 24 
33 04 
32 44 
32 23 
3201 
3138 
3115 


344 
343 
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TABLE 5.—Precession and Nutation Correction 


North latitudes South latitudes 


. 89° N. 80° N. 70° N. 60° N. 50° N. 40° N. 20°} 0° . 20° S. 40° S. 50° S. 60° S. 70° S. 80° S. 89° 
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1 
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100 
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— a mt 
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TABLE 5.—Correction to Tabulated Altitude for Minutes of Declination 
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APPENDIX Q 


NAVIGATIONAL ERRORS 


Q1. Introduction.—As commonly practiced, navigation is not an exact science. 
A number of approximations which would be unacceptable in careful scientific work 
are used by the navigator, because greater accuracy may not be consistent with the 
requirements or time available, or because there is no alternative. 

Thus, when the navigator uses his latitude graduations as a mile scale, or 
computes a great-circle course and distance, he neglects the flattening of the earth 
at the poles, a practice that is not acceptable to the geodetic surveyor. When the 
navigator plots a visual bearing, or an azimuth line for a celestial line of position, 
on a Mercator chart, he uses a rhumb line to represent a great circle. When he 
plots the celestial line of position, he substitutes a rhumb line for a small circle. 
When he interpolates in sight reduction or lattice tables, he assumes a linear 
(constant-rate) change between tabulated values. When he measures distance by 
radar, or depth by echo sounder, he assumes that the radio- or sound-wave has 
constant speed under all conditions. When he applies dip and refraction corrections 
to his sextant altitude, he generally assumes standard atmospheric conditions. 

These are only a few of the approximations commonly applied by a navigator. 
There are so many that there is a natural tendency for some of them to cancel 
others. Thus, under favorable conditions, a position at sea, determined from celes- 
tial observation by an experienced observer, should seldom be in error by more 
than 2 miles. However, if the various small errors in a particular observation all 
have the same sign (all plus or all minus), the error might be several times this 
amount, without any mistake having been made by the navigator. 

Greater accuracy could be attained, but at a price. The navigator is a practical 
individual. In the course of ordinary navigation, he would rather spend 10 minutes 
determining a position having a probable error of plus or minus 2 miles, than to 
spend several hours learning where he was to an accuracy of a few meters. But if 
he can determine a recent or present position to greater accuracy, the decrease in 
error is attractive to him. The various navigational aids have been designed with 
this in mind. Greater accuracy in plotting could be achieved by increasing the scale 
of the chart or plotting sheet. This has been done for confined waters where a 
higher degree of accuracy is needed, but a large-scale plotting sheet would be a 
nuisance at sea. The hand-held marine sextant is not sufficiently accurate for use in 
determining an astronomical position in a geodetic survey. But it is much more 
satisfactory at sea than the surveyor’s astrolabe or theodolite, which require stable 
platforms if their potential accuracy is to be realized. 

An understanding of the kinds of errors involved in navigation, and of the 
elementary principles of probability, should be of assistance to a navigator in 
interpreting his results. 

Q2. Definitions.—The following definitions apply to the discussions of this 
appendix: 

Error is the difference between a specific value and the correct or standard 
value. As used here, it does not include mistakes, but is related to lack of perfec- 
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tion. Thus, an altitude determined by marine sextant is corrected for a standard 
amount of refraction, but if the actual refraction at the time of observation varies 
from the standard, the value taken from the table is in error by the difference 
between standard and actual refraction. This error will be compounded with others 
in the observed altitude. Similarly, depth determined by echo sounder is in error, 
among other things, by the difference between the actual speed of sound waves in 
the water and the speed used for calibration of the instrument. The depth will also 
be in error if an echo is returned from a phantom bottom instead of from the actual 
bottom. This appendix is concerned primarily with the deviation from standards. 
Thus, while variation of the compass is an error when referred to true directions, 
the difference between the assumed variation and that actually existing is an error 
with reference to magnetic direction. Corrections can be applied for standard values 
of error. It is the deviation from standard, as well as mistakes, that produce 
inaccurate results in navigation. Various kinds of errors are discussed in the 
following articles. 

Mistake is a blunder, such as an incorrect reading of an instrument, the taking 
of a wrong value from a table, or the plotting of a reciprocal bearing. The mistake 
is discussed in more detail in article Q10. 

Standard is something established by custom, agreement, or authority as a 
basis for comparison. It is customary to use nautical miles for measuring distances 
between ports. By international agreement the nautical mile is defined as exactly 
1852 meters. By authority of various countries which are parties to the agreement, 
this length is translated to the linear units adopted by that country. It is the fact of 
establishment or general acceptance that determines whether a given quantity or 
condition has become a standard of measure or quality. Thus, in 1960, the standard 
unit of length agreed upon at the Eleventh General (International) Conference on 
Weights and Measures to redefine the meter was 1,650,763.73 wavelengths of the 
orange-red radiation in vacuum of krypton 86 corresponding to the unperturbed 
transition between the 2p,. and 5d; levels. Where accepted, this established stand- 
ard of length now serves as a basis for measurement of any physical magnitude, as 
the length of the meridian, rather than the reverse, which was originally proposed. 
Multiples and submultiples of a standard are exact. In 1959, the USS. adopted the 
exact relationships of 1 yard as equal to 0.9144 meter and 1 inch as equal to 2.54 
centimeters. Hence, 39.37 U.S. inches are approximately equal to 1 meter. Because 
1 foot equals 12 inches by definition, and the international nautical mile has been 
defined as 1852 meters, the international nautical mile is equal to 6,076.11549 US. 
feet (approximately). The previous U.S. foot (6,076.10333 . . . feet equals 1 nautical 
mile) has been redesignated as the U.S. survey foot. ' 

Frequently, a standard is so chosen that it serves as a model which approxi- 
mates a mean or average condition. However, the distinction between the standard 
value and the actual value at any time should not be forgotten. Thus, a standard 
atmosphere has been established in which the temperature, pressure, density, etc., 
are precisely specified for each altitude. Actual conditions, however, are generally 
different from those defined by the standard atmosphere. Similarly, the values for 
dip given in the almanacs are considered standard by those who use them, but 
actual dip may be appreciably different from that tabulated. . fe 

Accuracy is the degree of conformance with the correct value, while precision 
is the degree of refinement of a value. Thus, an altitude determined by marine 
sextant might be stated to the nearest 0/1, and yet be accurate only to the nearest 


1’ if the horizon is indistinct. 
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Q3. Systematic errors are those which follow some law by which they can be 
predicted. The accuracy with which a systematic error can be predicted depends 
upon the accuracy with which the governing law is understood. An error which can 
be predicted can be eliminated, or compensation can be made for it. 

The simplest form of systematic error is one of unchanging magnitude and sign. 
This is called a constant error. Examples are the index error of a marine sextant, 
watch error, or the error resulting from a lubber’s line not being accurately aligned 
with the longitudinal axis of the craft. In each of these cases, all readings are in 
error by a constant amount as long as the adjustment remains unchanged, and can 
be removed by applying a correction of equal magnitude and opposite sign. Index 
error and watch error can be removed by adjustment of the instrument. Lubber’s 
line error can be removed by aligning the lubber’s line with the longitudinal axis of 
the craft. 

Another type of systematic error results from a nonstandard rate. If a watch is 
gaining 4 seconds per day, its readings will be in error by 1 second after an interval 
of 6 hours, 8 seconds at the end of 2 days, etc. This principle is used in establishing 
a chronometer rate (art. 1815) for determination of chronometer error between 
comparisons of the chronometer with time signals. It can be eliminated by adjusting 
the rate. If a current is running and no allowance for it is made in the dead 
reckoning, the DR position is in error by an amount proportional to elapsed time. 
The error introduced by maintaining heading by means of an inaccurate compass is 
proportional to distance, as is the lateral error in a line of position plotted from an 
inaccurate bearing. 

One of the causes of equation of time (art. 1809) is the fact that the ecliptic, 
around which annual motion occurs, is not parallel to the celestial equator, around 
or parallel to which apparent daily motion takes place. The same type systematic 
error is involved in other measurements. Consider the measurement of bearing with 
a tilted compass card. Bearing is measured by a system of uniform graduations 
(degrees) of a circle (such as a compass card) in the horizontal plane. If the card is 
tilted, and its graduations are projected onto the horizontal plane, the circle be- 
comes an ellipse with the graduations unequally spaced. Along the axis of tilt and a 
line perpendicular to it, directions are correct. But near the axis of tilt the gradua- 
tions are too close together, and near the perpendicular they are too widely spaced. 
The error thus introduced is similar to that which would arise if a watch face were 
tilted but the motion of the hands remained horizontal. If it were tilted around the 
“3-9” line, it would appear to run slow near the hour and half hour, and fast near 
the quarter and three-quarter hours. If the direction to be observed is of an object 
above or below the horizontal, as the azimuth of a celestial body, measurement is 
made to the foot of the perpendicular through the object. The sight vanes of a 
compass move in a plane perpendicular to the compass card. Hence, if the card is 
tilted, measurement is made to the foot of a perpendicular to the card, rather than 
to the foot of a perpendicular to the horizontal, introducing an error which in- 
creases with the angle of tilt and also with the angle of elevation (or depression) of 
the object. This error is greatest along the axis of tilt, and zero along the perpendic- 
ular to it. Both of these tilt errors can be corrected by leveling the compass card. 

A different type of tilt error occurs when a reflection takes place from a tilted 
surface, such as the ionosphere, the error being proportional to the angle of tilt. In 
some respects, this error is similar to coastal refraction of a radio wave. 

Additional examples of systematic error are uncorrected deviation of the com- — 
pass, error due to a position in a pattern of hyperbolas, error due to incorrect 
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ew of a Loran transmitter, uncorrected parallax, and uncorrected personal 

Q4. Random errors are chance errors, unpredictable in magnitude or sign. 
They are governed by the laws of probability. If the altitude of a celestial body is 
observed, the reading may be (1) too great, (2) correct, or (3) too small. If a number 
of observations are made, and there is no systematic error, the probability of a 
positive error is exactly equal to the probability of a negative error. This does not 
mean that every second observation having an error will be too great. However, the 
greater the number of observations, the greater is the probability that the eae 
age of positive errors will equal the percentage of negative ones, and that their 
magnitudes will correspond. 


Error No. of obs. Percent of obs. 
—10’ 0 0. 0 
— 9’ 1 0. 2 
— 8’ 2 0. 4 
— 7’ 4 0.8 
— 6’ 9 1.8 
— §' Wii 3. 4 
— 4’ 28 5. 6 
— 3’ 40 8.0 
— 2’ 53 10. 6 
— |’ 63 12.6 
0 66 13. 2 
+ 1’ 63 12. 6 
+ 2’ 53 10. 6 
+ 3’ 40 8.0 
+ 4’ 28 5. 6 
Boo 17 3.4 
+ 6’ 9 as 
+ 7’ 4 0.8 
+ 8’ 2 0. 4 
+) 9’ 1 0. 2 
+10! 0 0. 0 
0 500 100. 0 


TaBLE Q4.—Normal distribution of random 
errors. 


Suppose that 500 observations are made, with the results shown in table Q4. A 
close approximation of the plot of these errors is shown in figure Q4a. The plot has 
been modified slightly to constitute the normal curve of random errors, which is 
the same as the actual curve except that the normal curve approaches zero as the 
error increases, while the actual curve reaches zero at (+)10' and (—)10’. The height 
of the curve at any point represents the percentage of observations that can be 
expected to have the error indicated at that point. The probability of any similar 
observation having any given error is the proportion of the number of observations 
having this error to the total number of observations, or the percentage expressed 
as a decimal. Thus, the probability of an observation having an error of (—)3’ is 


40 i} 
— =—— =0.08 (8%). 
500 «12.5 


If the area under the curve represents 100 percent of the observations, half the 
area (the shaded portion of figure Q4a) represents 50 percent of the observations. 
The value of the error at the limits of this shaded portion is often called the “50 
percent error,” or probable error, meaning that 50 percent of the observations can 
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be expected to have less error, and 50 percent greater error. Similarly, the limits 
which contain the central 95 percent of the area denote the 95 percent error. The 
percentage of error is found mathematically. For a normal curve, each error is 
squared, the sum of the squares is divided by one less than the number of observa- 
tions, and the square root of the quotient is determined. This value is called the 
standard deviation or standard error (a0, the Greek letter sigma). In the illustra- 
tion, the standard deviation is the square root of 0x(—)102+1x(—)92+2(—)8? 
+4x(—)T?+9 x (—)6?, etc., divided by 499 or 


4474 
=V 8.966 =2.99 (about 3). 
V 499 


The standard deviation is the 68.27 percent error. The probability of the occurrence 
of an error of or less than a specific magnitude may be approximately determined 
by the following relationship (with the answers for the illustration given): 


50% error= %3xXo= 2’ (approx.) 
68% error=1 Xxo= 3’ (approx.) 
95% error=2 Xo= 6’ (approx.) 
99% error=2%3xXo0= 8' (approx.) 
99.9% error=3¥3 xX o=10' (approx.) 


Many of the errors of navigation do not follow the normal distribution dis- 
cussed above. Pub. No. 229 values of altitude can be taken only to the nearest 0/1. 
The error in tabular altitude might have any value from (+) 0/05 to (—) 0/05, and 
any value within these limits is as likely to occur as any other of the same 
precision. The same is true of a sextant that cannot be read more precisely than 
0'1, and of a time-difference that cannot be measured more precisely than 1 ps. 
These values refer to the single errors indicated, and not to the total error that 
might be involved. This is a rectangular error, so called because of the shape of its 
plot, as shown in figure Q4b. The 100 percent error is half the difference between 
readings. The 50 percent error is half this amount, the 95 percent error is 0.95 
times this amount, etc. In some cases it may be more meaningful to refer to the 
rectangular error as the resolution error. 

Still another type random error is encountered in navigation. If a compass is 
fluctuating periodically due to yaw of a ship, its motion slows as the end of a swing 
is approached, when the error approaches maximum value. If readings were taken 
continuously or at equal intervals of time, the interval being a small percentage of 
the total period of oscillation, the curve of errors would have a characteristic U- 
shape, as shown in figure Q4c. The same type error is involved in measurement of 
altitude of a celestial body from a wing of the bridge of a heavily rolling vessel, 
when the roll causes large changes in the height of eye. This type of error is called 
a periodic error. The effect is accentuated by the tendency of the observer to make 
readings near one of the extreme values because the instrument appears steadiest 
at this time. If it is impractical to make a reading at the center of the period, the 
error can be eliminated or reduced by averaging readings taken continuously or at 
short intervals, as indicated above. This is the method used in averaging type 
artificial-horizon sextants. Generally, better results can be obtained by taking maxi- 
mum positive and maximum negative readings, and averaging the results. 

The curve of any type of random error is symmetrical about the line represent- 
ing zero error. This means that in the ideal plot every point on one side of the 
curve is exactly matched by one on the other side, or for every positive error there 
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is a negative error of the same magnitude. The average of all readings, considering 
signs, is zero. The larger the number of readings, the greater the probability of the 
errors fitting the ideal curve. Another way of stating this is that as the number of 
readings increases, the error of the average can be expected to decrease. 

Q5. Combinations of errors.—Many of the results obtained in navigation are 
subject to more than one error. Chapter XVI lists 19 errors applicable to sextant 
altitudes. Some of these have several components. A number of possible errors are 
involved in the determination of computed altitude and azimuth. A rectangular 
error is possible in finding the altitude difference. Several additional errors may 
affect the accuracy of plotting. Thus, the line of position as finally plotted may 
include 30 errors or more. Corrections are applied for some of the larger ones, so 
that in each of these cases the applicable error is the difference between the applied 
correction and the actual error. Thus, a dip correction may be applied for a height 
of eye of 30 feet, while the actual height at the moment of observation may be 31 
feet 6 inches. Even if the height of eye is exactly 30 feet, a rectangular error may be 
involved in taking the dip correction from the table. 


Probability 


= 0 ots 
Error 


FicurE Q4b.—Rectangular error, with 
50 percent area shaded. 
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FicurE Q4a.—Normal curve of 
random error with 50 percent of 
area shaded. Limits of shaded 
area indicate probable error. 


Error 


FicurRE Q4c.—Periodic error, with 50 
percent area shaded. 


Corrections which might be random as far as an individual observation is 
concerned may be systematic for a series of observations. Thus, if the average or 
standard conditions upon which a correction is based do not exist at the time of 
observation the value at any given time is as likely to be greater as it is to be less 
than the standard amount. But if a number of observations are taken in quick 
succession, the error will be about the same for each. 

If two or more errors are applicable to a given result, the total error is equal to 
the algebraic sums of all errors. Thus, if a given number is subject to errors of (+) 
Au(=):2; (=) a(-4)B,,44))240/and: G2) 2, the total error is (+) 4. Systematic errors 
can be combined by adding the curves of individual errors. Thus, a magnetic 
compass may have a quadrantal error as shown by the top curve of figure Q5, and a 
semicircular error as shown by the second curve. The sum of these two errors 1s 
shown in the bottom curve. If, in addition, the compass has a constant error, the 
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QUADRANTAL ERROR 


SEMICIRCULAR ERROR 


COMBINED QUADRANTAL ERROR AND SEMICIRCULAR ERROR 


FIGURE Q5.—Combining systematic errors. 


bottom curve is moved vertically upward or downward by the amount of the 
constant error, without undergoing a change of form. If the constant error is 
greater than the maximum value of the combined curves, all errors are positive or 
all are negative, but of varying magnitude. 

If a number of random errors are combined, the result tends to follow a normal 
curve regardless of the shape of the individual errors, and the greater the number, 
the more nearly the result can be expected to approach the normal curve (fig. Q4a). 
If a given result is subject to errors of plus or minus 8, 2, 1, 2, 4, 2, 1, 8, 1, and 2, the 
total error could be as much as 26 if all errors had the same sign. However, if these 
are truly random, the probability of them all having the same sign is only 1 in 
1024. This is so because the chance of any one being positive (or negative) is %%. 
That is, of a large number of results, approximately half will have any one particu- 
lar correction positive (or negative). By the same reasoning, approximately half of 
the positive (or negative) results will have any one particular additional correction 
positive (or negative). Thus, the probability of any two particular corrections having 
a positive (or negative) sign is ¥% Xx %2=(2)?=¥%4. The probability of all 10 corrections 


1 


having a positive (or negative) sign is (%2)!°= 024 If there were 20 corrections, the 


probability of all having a positive (or negative) sign would be A= rere 

When both systematic and random errors are present in a process, both effects 
are present. An increase in the number of readings decreases the residual random 
error, but regardless of the number of readings, a systematic error is present in its 
entirety. Thus, if a number of phase-difference readings are made at a fixed point, 
the average should be a good approximation of the true value if there is no 
systematic error. But if the equipment is out of adjustment to the extent that the 
lane is incorrectly identified, no number of readings will correct this error. In this 
illustration, a constant error is combined with a normal random error. The normal 
curve has the correct shape, but is offset from the zero value. 

Under some conditions, systematic errors can be eliminated from the results ~ 
even when the magnitude is not determined. Thus, if two celestial bodies differ in 
azimuth by 180°, and the altitude of each is observed, the line midway between the 
lines of position resulting from these observations is free from any constant error in 
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the altitude (such as abnormal refraction or dip, or incorrect IC). It would not be 
free from such a constant error as one in time (unless the bodies were on the 
celestial meridian). Similarly, a fix obtained by observations of three stars differing 
in azimuth by 120°, or four stars differing by 90° is free from constant error in the 
altitude, if the center of the figure made by the lines of position is used. The center 
of the figure formed by circles of position from distances of objects equally spaced in 
azimuth is free from a constant error in range. A constant error in bearing lines 
does not introduce an error in the fix if the objects are equally spaced in azimuth. 
In all of these examples, the correct position is outside the figure formed by the 
lines of position if all objects observed are on the same side of the observer (that is, 
if they lie within an arc of less than 180°). 

Q6. Navigation accuracy is normally expressed in terms of the probability of 
being within a specified distance of a desired point during the navigation process. 

If the accuracy of only a single line of position is being considered, the specified 
distance may be stated as the standard deviation (art. Q4) or some multiple thereof, 
assuming that the errors of the line of position follow a single-axis normal distribu- 
tion. The distance as stated for the standard deviation of a line of position is 
measured from the arithmetic mean of the positions which could be established 
from a large number of observations at a given place and time. Therefore, this 
distance does not indicate the separation between the line of position and the 
observer’s actual position, except by chance. If the error is stated as lo, 68.27 
percent of the cases should result in line of position displacements from the arith- 
metic mean in any direction not exceeding the distance specified for lo. If the error 
is stated as 20, 95.45 percent of the lines of position should not be displaced from 
the arithmetic mean in any direction by more than the distance specified for 2c. If 
the error is stated as the probable error, 50 percent of the lines of position should 
not be displaced from the arithmetic mean in any direction by more than the 
distance specified for 0.67450. 

The standard deviation is also employed in developing expressions for the 
probability of a fix position being within a specified distance of the mean of the 
positions which could be established from a large number of observations at a given 
place and time by means of the system used to establish the fix. 

In the following discussion, the fix is established by the intersection of two lines 
of position, each of which may be in error. The lines of position (fig. Q6a) are range 
measurements from two points at the extremities of a baseline of known length. 
Because of inaccuracies in measurement, the actual ranges differ from the meas- 
ured values and may lie somewhere between the limits shown as additional arcs 
either side of the measured arc. 

The intersection of the two lines of position together with the standard devi- 
ations associated with each are drawn to an expanded scale in figure Q6b. It can be 
shown that the contours of equal probability density about such an intersection are 
ellipses with their center at the intersection. Thus, the ellipse shown in figure Q6b 
might be the 75 percent probability ellipse, meaning that there are three chances in 
four that a fix will lie within such ellipse centered upon the mean of the positions 
which would be established from a large number of observations at a given place 
and time by means of the system used to establish the fix. 

For simplicity in this discussion of navigation accuracy, the following assump- 
tions are made: 

1. All constant errors or bias errors have been removed, leaving only the 
random errors. Thus, the mean or average error is assumed to be zero. 
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FiGuRE Q6a.—Fix established at intersection of two lines of position having different values of error. 


FIGURE Q6b.—Expanded view of intersection of two lines of position. 


2. These random errors are assumed to be normally distributed. 
3. The errors associated with the two intersecting lines of position are assumed 


to be independent. This assumption implies that a change in the error of one line of 
position has no effect upon the other. 
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4. The lines of position are assumed to be straight lines in the small area in the 
immediate vicinity of their intersection. This assumption is valid so long as the 
standard deviation is small compared to the radius of curvature of the line of 
position. 

5. Errors of position are limited to the two-dimensional case. 

As shown in figure Q6b, the general case of the intersection of two lines of 
position at any angle of cut and with different values of error associated with each 
line of position results in an elliptical error figure. Figure Q6c shows the ellipse 
simplified to geometrical terms. 


Figure Q6c.—Basic error ellipse. 


One may readily surmise from figure Q6c that the exact shape of the error 
figure varies with the magnitudes of the two one-dimensional input errors, a, and 
o>» as well as with the angle of cut, a. The angle a is also the angle between the two 
values of sigma because the standard deviations are mutually perpendicular to 
their corresponding lines of position. These variations can be calculated to provide 
the probability that a point is located within a circle of stated radius. When this is 
done, the error is stated in terms more meaningful to the practicing navigator. The 
basis of this concept may best be seen by first considering the special case when the 
two errors are equal, and the angle of intersection of the lines of position is a right 
angle. In this case, and in this case alone, the error figure becomes a circle and is 
described by the circular normal distribution. A plot of this special function is given 
in figure Q6d. In this plot, the horizontal axis is measured in terms of R/o, R being 
the stated radius of the circle and o being the measure of error. The error measure 
is given simply as o, for in this circular case o1=02. To illustrate, a measurement 
system gives a circular error figure and has a value of o =100 meters; the probabili- 
ty of actually being located within a circle of 100 meters radius when R/o=1.0 may 
be read from the vertical axis to be 39.3 percent. To obtain the radius of a circle 
within which a 50 percent probability results, the corresponding value of R/o is 
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Figure Q6d.—Circular normal distribution. 


seen to be 1.18 from the graph. Thus, for this example, the circular probable error 
(CPE or CEP) would be 118 meters. 

In one method of using error ellipses to obtain the radii of circles of equivalent 
probability, new values of o are found along the major and minor axes of the 
ellipse (fig. Q6e) using the following equations: 


1 
o= fo2+ O22 + V(o.2+022)2—4 sin? a0-120-2?] 
Zesinene 
1 
On [o12+022—V(o2+ o22)?—4 sin? 07170727]. 
2 sin? a 


Then the ratio c= < , where oy is the larger of the two new standard deviations, 


is used in entering table Q6a which relates ellipses of varying values of ellipticity to 
the radii of circles of equivalent probability. 

For a numerical example to illustrate the method of calculation, assume that 
the angle of cut a is 50°, o; is 15 meters, and co» is 20 meters to determine the 
probability of location within a circle of 30 meters radius. 

For the computation the following numbers are needed: 


O12? =225 
Oo? => 400 
sin? a=0.5868. 


Substituting in the equations for o;? and Oy’, Or and oy are calculated as 29.9 
meters and 13.1 meters, respectively. Since the function K multiplied by the larger 
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FIGURE Q6e.—Transformation to standard deviations along ellipse axes. 


of the two standard deviations obtained by the transformation method gives the 
value of the radius of the circle of the corresponding value of probability shown in 
table Q6a, K=1.003. On entering table Q6a with K=1.0 and c=0.44, the probability 
is found to be 62 percent. 

Table Q6b and figure Q6f provide ready information about the sizes of circles of 
specific probability value associated with ellipses of varying eccentricities. 

In another method, fictitious values of sigma of identical value, indicated by 
o*, are assumed to replace the two unequal values originally given (oi and o2). A 
fictitious angle of cut a* is also assumed to replace the angle of cut (a) originally 
given (fig. Q6g). 

The method utilizes a set of probability curves, with a separate curve for each 
value of angle of cut (fig. Q6h). These curves can be used only when the two error 
measures are equal, hence the need for making the transformation to the fictitious 
ons 

The values of o* and a* needed to utilize the probability curves may either be 
determined from figures Q6i and Q6j or by means of the following equations: 


sin BV o.?+o?2? 
A/D 


a*=arc sin (sin 28 sin a) 


One 


where 
B=arc tan (o1/0>2). 
Thus, 
20102 
since : 
oi? +072? 


To use the curve and nomogram for obtaining o* and a*, one must first 
calculate the ratio 02/01. The value ou, is always taken as the larger of the two in 
the ratio so that its value is always less than 1.0. With this ratio, enter the curve of 
figure Q6i and obtain the o* factor. Multiply o1 by this factor to obtain the 
fictitious function o*. The nomogram of figure Q6j is entered with the same ratio to 
obtain the fictitious angle of cut a”. 
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0.0 0. 1 0.2 0.3 0. 4 0,5 0. 6 0.7 0.8 0.9 1.0 
K A 

0.1 | . 0796557 | . 0443987 | . 0242119 | . 0164176 | . 0123875 | . 0099377 | . 0082940 | . 0071157 | . 0062299 | . 0055400 | . 0049875 
0.2 | . 1585194 | . 1339783 | . 0884533 | . 0628396 | . 0482413 | . 0390193 | . 0327123 | . 0281415 | . 0246824 | . 0219757 | . 0198013 
0.3 | . 2358228 | . 2213804 | . 1739300 | . 1318281 | . 1039193 | . 0851535 | . 0719102 | . 0621386 | . 0546598 | . 0487639 | . 0440025 
0.4 | . 3108435 | . 3010228 | . 2635181 | . 2139084 | . 1742045 | . 1451808 | . 1237982 | . 1076237 | . 0950495 | . 0850326 | . 0768837 
0.5 | . 8829249 | . 3755884 | . 3481790 | . 3003001 | . 2532953 | . 2152886 | . 1857448 | . 1626829 | . 1443941 | . 1296286 | . 1175031 
0.6 | . 4514938 | . 4457708 | . 255605 | . 3846374 | . 3357384 | . 2914682 | . 2548177 | . 2251114 | . 2009797 | . 1811783 | . 1647298 
0.7 | . 5160727 | . 5115048 | . 4960683 | . 4633258 | . 4170862 | . 3699305 | . 3280302 | . 2925654 | . 2629373 | . 2381583 | . 2172955 
0.8 | .5762892 | . 5725957 | . 5604457 | . 5349387 | . 4941882 | . 4474207 | . 4025628 | . 3627122 | . 3283453 | . 2989700 | . 2738510 
0.9 | . 6318797 | . 6288721 | . 6191354 | . 5993140 | . 5651564 | . 5213998 | . 4759375 | . 4333628 | . 3953279 | . 3620135 | . 3330232 
1.0 | . 6826895 | . 6802325 | . 6723586 | . 6568242 | . 6291249 | . 5900953 | . 5461319 | . 5025790 | . 4621421 | . 4257553 | . 3934693 
1,1 | . 7286679 | . 7266597 | . 7202682 | . 7079681 | . 6859367 | . 6524489 | . 6116316 | . 5687467 | . 5272462 | . 4887873 | . 4539256 
1.2 | . 7698607 | . 7682215 | . 7630305 | . 7532175 | . 7359558 | . 7079973 | . 6714269 | . 6306168 | . 5893494 | . 5498736 | . 5132477 
1.3 | . 8063990 | . 8050648 | . 8008554 | . 7929968 | . 7793550 | . 7567265 | . 7249673 | . 6873122 | . 6474394 | . 6079822 | . 5704426 
1.4 | . 8384867 | . 8374049 | . 8340018 | . 8277048 | . 8169851 | . 7989288 | . 7720889 | . 7383089 | . 7007900 | . 6623035 | . 6216889 
1.5 | . 8663856 | . 8655127 | . 8627728 | . 8577362 | . 8493071 | . 8350816 | . 8129287 | . 7833962 | . 7489500 | . 7122546 | . 6753475 
1.6 | . 8904014 | . 8897008 | . 8875060 | . 8834914 | . 8768644 | . 8657559 | . 8478393 | . 8226246 | . 7917194 | . 7574708 | . 7219627 
1.7 | . 9108691 | . 9103102 | . 9085619 | . 9053766 | . 9001746 | . 8915536 | . 8773116 | . 8562471 | . 8291137 | . 7977882 | . 7462539 
1.8 | . 9281394 | . 9276964 | . 9263125 | . 9237989 | . 9197275 | . 9130680 | . 9019110 | . 8846624 | . 8613238 | . 8332175 | . 8021013 
1.9 | . 9425669 | . 9422182 | . 9411299 | . 9391586 | . 9359855 | . 9308615 | . 9222277 | . 9083609 | . 8886731 | . 8639149 | . 8355255 
2.0 | . 9544997 | . 9542272 | . 9533775 | . 9518415 | . 9493815 | . 9454546 | . 9388418 | . 9278799 | . 9115762 | . 8901495 | . 8646647 
2.1 | . 9642712 | . 9640598 | . 9634011 | . 9622127 | . 9603170 | . 9573205 | . 9522999 | . 9437668 | . 9305013 | . 9122714 | . 8897495 
2.2 | . 9721931 | . 9720304 | . 9715237 | . 9706109 | . 9691597 | . 9668845 | . 9631017 | . 9565522 | . 9459386 | . 9306821 | . 9110784 
2.3 | . 9785518 | . 9784275 | . 9780408 | . 9773450 | . 9762419 | . 9745239 | . 9716934 | . 9667306 | . 9583739 | . 9458085 | . 9289946 
2.4 | . 9836049 | . 9835108 | . 9832180 | . 9826918 | . 9818594 | . 9805703 | . 9784661 | . 9747495 | . 9682698 | . 9580804 | . 9438652 
2.5 | . 9875807 | . 9875100 | . 9872900 | . 9868953 | . 9862720 | . 9853112 | . 9837569 | . 9810035 | . 9760522 | . 9679136 | . 9560631 
2.6 | . 9906776 | . 9906249 | . 9904612 | . 9901674 | . 9897045 | . 9889934 | . 9878527 | . 9858331 | . 9821023 | . 9756969 | . 9659525 
2.7 | . 9930661 | . 9930271 | . 9929062 | . 9926894 | . 9923483 | . 9918260 | . 9909944 | . 9895268 | . 9867530 | . 9817837 | . 9738786 
2.8 | . 9948897 | . 9948612 | . 9947727 | . 9946141 | . 9943649 | . 9939842 | . 9933821 | . 9923249 | . 9902888 | . 9864876 | . 9801589 
2.9 | . 9962684 | . 9962477 | . 9961834 | . 9960684 | . 9958878 | . 9956126 | . 9951798 | . 9944246 | . 9929482 | . 9900803 | . 9850792 
3.0 | . 9973002 | . 9972853 | , 9972391 | . 9971564 | . 9970266 | . 9968294 | . 9965205 | . 9959854 | . 9949274 | . 9927925 | . 9888910 
3.1 | . 9980648 | . 9980542 | . 9980212 | . 9979622 | . 9978699 | . 9977296 | . 9975109 | . 9971348 | . 9963851 | . 9948168 | . 9918113 
3.2 | . 9986257 | . 9986182 | . 9985949 | . 9985533 | . 9984880 | . 9983892 | . 9982356 | . 9979733 | . 9974478 | . 9963105 | . 9940240 
3.3 | . 9990332 | . 9990279 | . 9990116 | . 9989824 | . 9989368 | . 9988677 | . 9987607 | . 9985792 | . 9982147 | . 9974004 | . 9956822 
3.4 | . 9993261 | . 9993225 | . 9993112 | . 9992909 | . 9992593 | . 9992115 | . 9991376 | . 9990129 | . 9987626 | . 9981868 | . 9969113 
3.5 | . 9995347 | . 9995323 | . 9995245 | . 9995105 | . 9994888 | . 9994559 | . 9994053 | . 9993204 | . 9991502 | . 9987480 | . 9978125 
3.6 | . 9996818 | . 9996801 | . 9996748 | . 9996653 | . 9996505 | . 9996281 | . 9995938 | . 9995364 | . 9994218 | . 9991442 | . 9984662 
3.7 | . 9997844 | . 9997832 | . 9997797 | . 9997733 | . 9997633 | . 9997482 | . 9997251 | . 9996867 | . 9996102 | . 9994208 | . 9989352 
8.8 | . 9998553 | . 9998545 | . 9998522 | . 9998478 | . 9998412 | . 9998311 | . 9998157 | . 9997902 | . 9997396 | . 9996119 | . 9992682 
3.9 | . 9999038 | . 9999033 | . 9999018 | . 9998989 | . 9998945 | . 9998878 | . 9998776 | . 9998608 | . 9998276 | . 9997426 | . 9995020 
4.0 | . 9999367 | . 9999363 | . 9999353 | . 9999334 | . 9999305 | . 9999261 | . 9999195 | . 9999085 | . 9998870 | . 9998309 | . 9996645 
4.1 | . 9999587 | . 9999585 | . 9999578 | . 9999566 | . 9999547 | . 9999519 | . 9999475 | . 9999404 | . 9999266 | . 9998900 | . 9997763 
4.2 | . 9999733 | . 9999732 | . 9999727 | . 9999720 | . 9999707 | . 9999689 | . 9999661 | . 9999616 | . 9999527 | . 9999292 | . 9998523 
4.3 | . 9999829 | . 9999828 | . 9999826 | . 9999821 | . 9999813 | . 9999801 | . 9999783 | . 9999754 | . 9999698 | . 9999548 | . 9999034 
4.4 | . 9999892 | . 9999891 | . 9999889 | . 9999886 | . 9999881 | . 9999874 | . 9999863 | . 9999845 | . 9999809 | . 9999715 | _ 9999375 
4.5 | . 9999932 | . 9999932 | . 9999931 | . 9999929 | . 9999925 | . 9999921 | . 9999914 | . 9999902 | . 9999881 | . 9999822 | | 9999599 
4.6 | .9999958 | . 9999957 | . 9999957 | . 9999955 | . 9999954 | . 9999951 | . 9999947 | . 9999939 | . 9999926 | . 9999889 | . 9999746 
4.7 | . 9999974 | . 9999974 | . 9999973 | . 9999973 | . 9999971 | . 9999970 | . 9999967 | . 9999963 | . 9999955 | _ 9999932 | . 9999840 
4.8 | . 9999984 | . 9999984 | . 9999984 | . 9999983 | . 9999983 | . 9999982 | . 9999980 | . 9999977 | . 9999972 | . 9999959 | | 9999901 
4.9 | . 9999990 | . 9999990 | . 9999990 | . 9999990 | . 9999990 | . 9999989 | . 9999988 | . 9999986 | . 9999983 | . 9999975 | . 9999939 
5.0 | . 9999994 | . 9999994 | . 9999994 | . 9999994 | . 9999994 | . 9999993 | . 9999993 | . 9999992 | . 9999990 | . 9999985 | . 9999963 
5.1 | . 9999997 | . 9999997 | . 9999997 | . 9999996 | . 9999996 | . 9999996 | . 9999996 | . 9999995 | . 9999994 | . 9999991 | . 9999978 
5.2 | . 9999998 | . 9999998 | . 9999998 | . 9999998 | . 9999998 | . 9999998 | . 9999998 | . 9999997 | . 9999997 | _ 9999995 | | 9999987 
5.3 | . 9999999 | . 9999999 | . 9999999 | . 9999999 | . 9999999 | . 9999999 | . 9999999 | . 9999998 | . 9999998 | . 9999997 | | 9999992 
5.4 | , 9999999 | . 9999999 | . 9999999 | . 9999999 | . 9999999 | . 9999999 | . 9999999 | . 9999999 | . 9999999 | | 9999998 | . 9999995 
5.5 — |1. 0000000 }1. 0000000 |1. 0000000 |1. 0000000 |1. 0000000 |1. 0000000 |1. 0000000 | . 9999999 | . 9999999 | . 9999999 | | 9999997 
5. 6 1. 0000000 |1. 0000000 | . 9999999 | . 9999998 
5.7 1. 0000000 | . 9999999 
5. 8 1. 0000000 
5.9 
6. 0 


TaBiEe Q6a,—Circular error probabilities. Ar 
arguments c and K, the table provides t 


times the larger standard deviation. 


gument c is the ratio of the smaller standard deviation to the larger standard deviation. For the 


he probability that a point lies within a circle whose center is at the origin and whose radius is K 


c 
” 0.0 0. 1 0. 2 0. 3 0. 4 0.5 0. 6 0.7 0. 8 0.9 15.0 

-5000 0. 67449 | 0. 68199 0.70585 | 0.74993 | 0. 80785 0. 87042 0. 93365 | 0, 99621 1, 05769 1, 11807 1.17741 
-7500 1. 15035 1. 15473 1, 16825 1, 19246 1. 23100 1, 28534 1, 35143 1, 42471 1. 50231 1. 58271 1, 66511 
-9000 1. 64485 1. 64791 1. 65731 1. 67383 1. 69918 1. 73708 1. 79152 1. 86253 1. 94761 2. 04236 2. 14597 
9500 1. 95996 1, 96253 1. 97041 1. 98420 | 2.00514 | 2.03586 | 2.08130 | 2.14598 | 2.23029 | 2.33180 | 2.44775 
9750 2.24140 | 2. 24365 2.25053 | 2, 26255 | 2.28073 | 2.30707 | 2. 34581 2.40356 | 2.48494 | 2.58999 | 2.71620 
9900 2.57583 | 2.57778 | 2.58377 | 2.59421 2.60995 | 2.63257 | 2.66533 | 2.71515 | 2.79069 2, 89743 3. 03485 
9950 2.80703 | 2.80883 | 2.81432 | 2.83289 | 2.83830 | 2.85894 | 2, 88359 2. 93347 3. 00431 3. 11073 3. 25525 
9975 3. 02334 | 2.02500 | 3.03010 | 3.03898 | 3.05234 | 3.07144 | 3. 09871 3. 13969 3. 20586 3. 31099 3. 46164 
9990 3. 29053 | 3.29206 | 3.29673 3. 30489 | 3.31715 |. 3.33464 | 3. 35949 3. 39647 3. 45698 3. 55939 3. 71692 


TABLE Q6b.—Factors for conversion of probability ellipse to circle of equivalent probability. 
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Ficure Q6f.—Factors for conversion of probability ellipse to circle of equivalent probability. 
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For a numerical example to illustrate the method of calculation, assume that 
the angle of cut of 50°, o1, is 20 meters, and o2 is 15 meters to determine the 
probability of location within a circle of 30 meters radius. 


4 


af; 
Calculate the ratio velo = 0.15 


FiGurE Q6g.—Transformed parameters of error ellipse. 


Enter the curve of figure Q6i with this ratio and obtain the o* factor (0.845). 
Multiply this factor by o1 to obtain o* equals 16.9 meters. Calculate the ratio 


Riot =30/16.9 =1.78: 


Enter the nomogram of figure Q6j with the ratio o2/o1, and with the given 
angle a to obtain the fictitious angle of cut a* =47°. 

The values R/o*=1.78 and a*=47° are then used to enter the probability 
curves of figure Q6h to obtain P=0.62 or 62 percent, interpolating between the 40° 
and 50° curves for a* =47°. 

Table Q6c presents the same data as figure Q6h in numerical form. 


Geometrical Error Considerations 


From the information that can be derived using the two methods of transforma- 
tion of elliptical error data, one can develop curves which show for constant values 
of initial error that the size of a circle of fixed value of probability varies as a 
function of the angle of cut of the lines of position. 

To simplify the investigation of geometrical factors, it is initially desirable to 
consider the special case of o1=02=o0. Under this special condition, the long 
equations for or and oy can be simplified to facilitate computation as follows: 
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FIGURE Q6i.—o™* factor versus o/c ratio. 


V2 
on o (o1=02) 
1 
2 sin — 
2 
WES 
oy= o (01=G2) 
1 
i2aCOS a 


Taking the ratio of these two values, a simple equation is found for the ratio c. 
Cy 1 
C= — vale or 
Ox 


Utilizing these simplified equations, significant parameters of error ellipses are 
tabulated in table Q6d as a function of the angle of cut a. Using the CEP curve of 
figure Q6f, values of the CEP are calculated for each angle, showing that the CEP 
increases as the angle of cut decreases. The last column in the table gives the factor 
by which the CEP for angles less than 90° is greater than the CEP for a right angle. 
This magnification of error curve is plotted in figure Q6k. The curve for the 90 
percent probability circle has a slightly differing shape from the CEP curve as 
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FIGURE Q6j.—Nomogram to obtain a*. 


shown in figure Q6k. Values for the 90 percent probability circle are given in table 
Q6e. Figure Q6k indicates the magnitude of the growth of error as the angle of cut 
varies from 90°. 

It is also of interest to consider what values of probability result if the radius of 
the circle is held constant at the minimum value corresponding to that obtained for 
the 90° angle of cut. These values may be obtained from the probability versus 
angle of cut curves in figure Q6oh. 

Along the ordinate R/o=1.177 which corresponds to the CEP for the circular 
case, one may read the lesser values of probability corresponding to the various 
angles of cut. Likewise, one may also obtain the probability values corresponding to 
holding a circle the size of the 90 percent probability circle for the circular case by 
using the ordinate R/o=2.15 (also equivalent to 1.82 times the CEP). These two 
curves are plotted in figure Q6l and the numerical values are given in table Q6f. It 
is to be noted that the probability values are not inversely related to the error 
factors plotted in the preceding curves. The geometric error factor is a simple 
trigonometric function; the probability curves are exponential functions. 

Q7. Clarification of terminology.—The following discussion is presented to 
insure that there is no misunderstanding with respect to the use of terms having 
one meaning when discussing one-dimensional errors and another when discussing 
two-dimensional errors. 

Although the basic problem of position location is concerned with the two 
dimensions necessary to describe an area, one-dimensional error measures are 
commonly applied to each of the two dimensions involved. As demonstrated in 
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TABLE Q6d.—Significant parameters of error ellipses when 
O1=O02. 


TABLE Q6f.—Probability decrease with decreasing angle of 
cut for a circle of constant radius (o,=02). 


article Q6, the use of the one-dimensional standard deviation of each line of position 
permitted a general approach to the consideration of the error ellipse. 


One-Dimensional Errors 


The terms standard deviation, sigma (a), and root mean square (RMS) error 
have the same meaning in reference to one-dimensional errors. The basic equation 
of the normal (Gaussian) distribution indicates the use of the Greek letter sigma 
from which its use for standard deviation arises: 
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FIGURE Q6k.—CEP magnification versus angle of cut. 
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FicurE Q6l.—Decrease in probability for a circle of constant radius angle of cut. 
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where a is the mean of the distribution. 

Standard deviation of a measurement system is a property that may be deter- 
mined experimentally. If a large number of measurements of the same quantity—a 
length for example—are made and compared with a standard, the standard devi- 
ation is the square root of the sum of the squares of the deviations from the mean 
or average value divided by one less than the number of measurements taken. 
Symbolically this operation is represented as: 
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The term root-mean-square (RMS) error comes from this latter method of computa- 
tion. 

Numerically, one sigma corresponds to 68.27 percent of the distribution. That 
is, if a large number of measurements were made of a given quantity, 68.27 percent 
of the errors would be no greater than the value of one standard deviation. Like- 
wise 20 corresponds to 95.45 percent of the total errors and 8o corresponds to 99.73 
percent of the total errors. 

The term probable error is identical in concept to standard deviation. The term 
differs from standard deviation in that it refers to the median error; that is, no 
more than half the errors in the measurement sample are greater than the value of 
the probable error. Linear probable error is related to standard deviation by a 
multiplication factor (tab. Q7a). One probable error equals 0.6745 times one stand- 
ard deviation. 


To 
50.00% 68.27% 95.00% 99.73% 
From 
50. 00% 1. 0000 1. 4826 2.9059 4.4475 
68. 27% 0. 6745 1. 0000 1. 9600 3. 0000 
95.00% 0. 3441 0. 5102 1. 0000 1. 5307 
99.73% 0. 2248 Oxesa0 0. 6533 1. 0000 


TABLE Q7a.—Linear error conversion factors. 


The term variance is met most frequently in detailed mathematical discussions. 
The term refers to a square of a standard deviation. It is useful in simplifying the 
algebra of some complex mathematical derivations. 


Two-Dimensional Errors 


Terms similar or identical in words to those used for one-dimensional error 
descriptions are also used with two-dimensional or bivariate error descriptions. 
However, in the two-dimensional case, not all of these terms have the same mean- 
ing as before; considerable care is needed to avoid confusion. 

Standard deviation or sigma has a definable meaning only in the specific case 
of the circular normal distribution where or=oy: 
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In the case of the circular normal distribution, the standard deviation o is equiva- 
lent to the standard deviation along both orthogonal axes. Because of concern with 
a radial distribution, the total distribution of errors involves numbers different 
from those of the linear case (tabs. Q7a and Q7b). In the circular case, lo error 
indicates that 39.35 percent of the errors would not exceed the value of the lo 
error; 86.47 percent would not exceed the 2o error; 98.89 percent would not exceed 
the 3o error; and 99.78 percent would not exceed the 3.50 error. 


SSK 

| ee To 

| From a 39. 35% 50. 00% 63. 21% 95. 00% 99. 78% 

IS 

39. 35% 1. 0000 (orz74 1. 4142 2.4477 3. 5000 
50. 00% 0. 8493 1. 6000 1.2011 2. 0789 2.9726 
63. 21% 0. 7071 0. 8325 1. 0000 1. 7308 2.4749 
95. 00% 0. 4085 0. 4810 0. 5778 1. 0000 1. 4299 
99. 78% 0. 2857 0. 3364 0. 4040 0. 6993 1. 0000 


TABLE Q7b.—Circular error conversion factors. 


Because the usual case where there are two-dimensional distributions is that 
the standard deviations are different, resulting in an elliptical distribution, the 
circular standard deviation is less useful than the linear standard deviation. It is 
more common to describe two-dimensional distributions by the two separate one- 
dimensional standard deviations associated with each error axis. References, howev- 
er, often do not make this distinction, referring to the position accuracy of a system 
as 600 feet (20), for example. Such a description should leave the reader wondering 
whether the measure is circular error, in which case the numbers describe the 86 
percent probability circle, or whether the numbers are to be interpreted as one- 
dimensional sigmas along each axis, in which case the 95 percent probability circle 
is indicated (assuming the distribution to be circular, which actually it may not be). 

The term RMS (root mean square) error when applied to two-dimensional 
errors does not have the same meaning as standard deviation. The term has the 
same meaning as radial error or dims, discussed later. Such use of the term is 
deprecated. 

In a circular normal distribution, the term circular probable error (CPE) or 
circular error probable (CEP) refers to the radius of the circle inside of which 
there is a 50 percent probability of being located. 

The term CEP is also used to indicate the radius of a circle inside of which 
there is a 50 percent probability of being located, even though the actual error 
figure (fig. Q7a) is an ellipse. Article Q6 describes one of the methods of obtaining 
such CEP equivalents when given ellipses of varying eccentricities. Curves and 
tables are available for performing this calculation. Despite the availability of these 
curves and tables, approximations are often made for this calculation of a CEP 
when the actual error distribution is elliptical. Several of these approximations are 


APPENDIX Q: NAVIGATIONAL ERRORS 1283 


indicated and plotted for comparison with the exact curve in figure Q7b. Of the 
various approximations shown, the top curve, the one which diverges the most 
rapidly, appears to be the most commonly used. 


C= o/b 


FicurE Q7a.—Error ellipse and circle of equivalent probability. 


Another factor of interest concerning the relationship of the CEP to various 
ellipses is that the area of the CEP circle is always greater than the basic ellipse. 
Table Q7c indicates that the divergence between the actual area of the ellipse of 
interest and the circle of equivalent probability increases as the ellipse becomes 
thinner and more elongated. 

The value of the CEP may be related to the radius of other values of probabili- 
ty circles analytically for the case of the circular normal distribution by solving the 
basic equation for various values of probability. For this special case of the circular 
normal distribution, these relationships are shown drawn to scale in figure Q7c 
with the associated values tabulated in table Q7d. 

The derivation of these values is shown in the following analysis. First, the 
factor relating the CEP to the circular sigma is derived, then, as a second example, 
the relationship between the 75 percent probability circle and the circular sigma is 
derived. The ratio of these two values is then the value shown in table Q7d for the 
75 percent value. 

The circular normal distribution equation is: 


eid 
P,—1—e 202 
’ 


and 
CEP=P(R)=0.5 
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FiGuRE Q7b.—CEP for elliptical error distribution approximations. 
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C=a@/b Area of Area of 
50% ellipse equivalent circle 
0.0 0 1, 43 
0.1 0. 437 1. 46 
0.2 0. 874 1. 56 
0.3 to. ier 
0.4 yee 2. 06 
0.5 2. 08 2.37 
0.6 2. 62 2.74 
0.7 3. 06 3. 12 
| 0.8 3. 49 3, 52 
| 0.9 3.93 3. 94 
| 1.0 4.37 4,37 


TABLE Q7c.—Comparison of areas of 50 percent ellipses of varying 
eccentricities with areas of circles of equivalent probability. 


FiGurE Q7c.—Relationship between CEP and other probability circles. 
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For the 75 percent probability circle, 


pees 
Le 2 (75 ; 
R32 
mor = 1.665 
Ce () 25 aM a 
RW5%) 1.6650 
R2 = = 1414) 
in (e aa) Liens R0%)  LTTo 
R?2 
=In 4 
20? 
Multiply value of To obtain radius of 
CEP by circle of probability 
1. 150 60% 
1. 318 70% 
1.414 75% 
1.524 80% 
1. 655 85%, 
1. 823 90% 
2.079 95% 
2.578 99%, 


TABLE Q7d.—Relationship between CEP and radii of other 
probability circles of the circular normal distribution. 


The factors tabulated in table Q7d are sometimes used to relate varying proba- 
bility circles when the basic distribution is not circular, but elliptical. That such a 
procedure is inaccurate may be seen by the curves of figure Q7d. It can be seen that 
the errors involved are small when the eccentricities are small. But the errors 
increase significantly when both high values of probability are desired and when 
the ellipticity increases in the direction of long, narrow distributions. 

The terms radial error, root mean square error, and d-ms are identical in 
meaning when applied to two-dimensional errors. Figure Q7e illustrates the defini- 
tion of dms. It is seen to be the square root of the sum of the square of the 1 sigma 
error components along the major and minor axes of a probability ellipse. The 
figure details the definition of 1 dps. Similarly, other values of dims can be derived 
by using the corresponding values of sigma. The measure drms is not equal to the 
square root of the sum of the squares of o; and o» that are the basic errors 
associated with the lines of position of a particular measuring system. The proce- 
dures described in art. Q6 must first be utilized to obtain the values shown as o; 
and oy. 

The three terms (radial error, root-mean-square error, and drms) used as a 
measure of error are somewhat confusing because they do not correspond to a fixed’ 
value of probability for a given value of the error measure. The terms can be 
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conveniently related to other error measures only when ox=oy, and the probability 
figure is a circle. In the more common elliptical cases, the probability associated 
with a fixed value of drms varies as a function of the eccentricity of the ellipse. One 
drms is defined as the radius of the circle obtained when o;,=1, in figure Q7e, and 
oy varies from 0 to 1. Likewise, 2 drms is the radius of the circle obtained when 
Or=2, and oy varies from 0 to 2. Values of the length of the radius d-ms can be 
calculated as shown in table Q7e. From these values the associated probabilities can 
be determined from the tables of article Q6. The variations of probability associated 
with the values of 1 d-ms and 2 drms are shown in the curves of figures Q7f and Q7g. 
Figure Q7h shows the lack of a constant relationship in a slightly different way. 
Here the ratio d;ms/CEP is plotted against the same measure of ellipticity. The 
three figures show graphically that there is not a constant value of probability 
associated with a single value of drms. 

Figure Q7i shows the substitution of the circular form for elliptical error 
distributions. When or and oy are equal, the probability represented by 1 drms is 
63.21 percent. When ox and oy are unequal (ox being the greater value), the 
probability varies from 64 percent when oy/or=0.8 to 68 percent when oy/or=0.3. 

Q8. Navigation system accuracy.—In a navigation system, predictability is the 
measure of the accuracy with which the system can define the position in terms of 
geographical coordinates; repeatability is the measure of the accuracy with which 
the system permits the user to return to a position as defined only in terms of the 
coordinates peculiar to that system. Predictable accuracy, therefore, is the accuracy 
of positioning with respect to geographical coordinates; repeatable accuracy is the 
accuracy with which the user can return to a position whose coordinates have been 
measured previously with the same system. For example, the distance specified for 
the repeatable accuracy of a system such as Loran-C is the distance between two 
Loran-C positions established using the same stations and time-difference readings 
at different times. The correlation between the geographical coordinates and the 
system coordinates may or may not be known. 

Relative accuracy is the accuracy with which a user can determine his position 
relative to that of another user of the same navigation system at the same time. 
Hence, a system with high relative accuracy provides good rendezvous capability for 
the users of the system. The correlation between the geographical coordinates and 
the system coordinates is not relevant. 

Q9. Most probable position.—Some navigators, particularly those of little expe- 
rience, have been led by the simplified definitions and explanations usually given in 
texts to conclude that the line of position is infallible, and that a fix is without 
error, overlooking the frequent incompatibility of these two notions. Too often the 
idea has prevailed that information is either all right or all wrong. An example is 
the practice of establishing an estimated position at the foot of the perpendicular 
from a dead reckoning position to a line of position. The assumption is that the 
vessel must be somewhere on the line of position. The limitations of this often 
valuable practice are not understood by these inexperienced navigators. 

A more realistic concept is that of the most probable position (MPP), which 
recognizes the probability of error in all navigational information, and determines 
position by an evaluation of all available information, using the principles of errors. 

Suppose a vessel were to start from a completely accurate position and proceed 
on dead reckoning. If course and speed over the bottom were of equal accuracy, the 
uncertainty of dead reckoning positions would increase equally in all directions 
with either distance or elapsed time (for any one speed these would be directly 
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Figure Q7d.—Relation of probability circles to CEP versus ellipticity. 


proportional and therefore either could be used). Therefore, a circle of uncertainty 
would grow around the dead reckoning position as the vessel proceeded. If the 
navigator had full knowledge of the distribution and nature of the errors of course 
and speed, and the necessary knowledge of statistical analysis, he could compute 
the radius of the circle of uncertainty, using the 50 percent, 95 percent, or other 
probabilities. 

In ordinary navigation, this is not practicable, but based upon his experience 
and judgment, the navigator might estimate at any time the likely error of his dead 
reckoning or estimated position. With practice, he might acquire considerable skill 
in making this estimate. He would take into account, too, the fact that the area of 
uncertainty might better be represented by an ellipse than a circle, the major axis 
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\ deme? JOE + be Jott ok 


0.0 | 1.0 1,000 0.683 0.954 
0.1 | 1.0 1,005 0.682 0.955 
0.2 | 1.0 1,020 0.682 0.957 
0.3 | 1.0 1,042 0.676 0.961 
0.4 | 1.0 1.077 0.671 0.966 
0.5 | 1.0 1.118 0.662 0.969 
0.6 | 1.0 1,166 0.650 0,973 
0.7 | 1.0 1.220 0.641 0.977 
0.8 | 1.0 1.280 0.635 0.980 
0.9 | 1.0 1.345 0.632 0.981 
1.0 | 1.0 1,414 0.632 0,982 


s ¢ i 
ans vo on when, oad cle are et right 


angles to each other. 


TABLE Q7e.—Calculation of drms. 


being along the course line if the estimated error of the speed were greater than 
that of the course, and the minor axis being along the course line if the estimated 
error of the course were greater. He would recognize, too, that the size of the area 
of uncertainty would not grow in direct proportion to the distance or elapsed time, 
because disturbing factors such as wind and current could not be expected to 
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Ficure Q7f.—Variation in drms with ellipticity (1 d;ms). 
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FicurE Q7g.—Variation in d-ms with ellipticity (2 dps). 


remain of constant magnitude and direction. Also, he would know that the starting 
point of the dead reckoning would not be completely free from error. 

At some future time additional positional information would be obtained. This 
might be a line of position from a celestial observation or by Omega. This, too, 
would be accompanied by an estimated error which might be computed for a certain 
probability if the necessary information and knowledge were available. If the dead 
reckoning had started from a good position obtained by means of landmarks, the 
likely error of the initial position would be very small. At first the dead reckoning 
or estimated position would probably be more reliable than a line of position 
obtained by celestial observation or Omega. But at some distance the two would be 
equal, and beyond this the line of position might be more accurate. 

However, the determination of most probable position does not depend upon 
determination of which information is most accurate. In figure Q9a a dead reckon- 
ing position is shown surrounded by a circle of uncertainty. A line of position is also 
shown, with its area of uncertainty. The most probable position is within the 
overlapping area, and if the uncertainty of the dead reckoning position and that of 
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FicurE Q7h.—Ellipticity versus drms/ CEP (1 drms). 


the line of position are about equal, it might be taken at the center of the area. If 
the overall errors are considered normal, and they are probably approximately so, 
the effect of each error is proportional to its square. Thus, if the likely error of a 
dead reckoning position is 3 miles, and that of a line of position is 2 miles, the most 
probable position is nearer the line of position, being at a distance equal to a =* 
that from the dead reckoning position (or “3 of the perpendicular distance from 
the dead reckoning position to the line of position). 

If a fix is obtained from two lines of position, the area of uncertainty is a circle 
if the lines are perpendicular, have equal likely errors, and these errors can be 
considered normal. If one is considered more accurate than the other, the area is an 
ellipse, the two axes being proportional to the standard deviations of the two lines 
of position. As shown in figure Q9b, it is also an ellipse if the likely error of each is 
equal and the lines cross at an oblique angle. If the errors are unequal, the major 
axis of the ellipse is more nearly in line with the line of position having the smaller 
likely error. 

If a fix is obtained from three or more lines of position spread in azimuth by 
more than 180°, and the error of each line is normal and equal to that of the others, 
the most probable position is the center of the figure. By “center” is meant that 
point within the figure which is equidistant from the sides. If the lines are of 
unequal likely error, the distance of the most probable position from each line of 
position is proportional to the square of the likely error of that line times the sine 
of the angle formed by the other two lines. 

In the discussion of most probable position from lines of position, it has been 
assumed that no other positional information is available. Usually, this is an 
incorrect assumption, for there is nearly always a dead reckoning or estimated 
position. This can be considered in any of several ways. The square of its likely 
error can be used in the same manner as the square of the likely error of each line 
of position. A most probable position based upon the dead reckoning or estimated 
position and the most reliable line of position might be determined as explained 
above, and that line of position replaced with a new one parallel to it but passing 
through the most probable position just determined. This adjusted line of position 
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FicurE Q7i.—Substitution of the circular form for elliptical error distributions. 


can then be assigned a smaller likely error and used with the other lines of position 
to determine the overall most probable position. A third way is to establish a likely- 
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error for the fix, and consider the most probable position as that point along the 
straight line joining the fix and the dead reckoning or estimated position, the 
relative distances being equal to the square of the likely error of each position. 

The value of the most probable position determined as suggested above depends 
upon the degree to which the various errors are in fact normal, and the accuracy 
with which the likely error of each is established. From a practical standpoint, the 
second factor is largely a matter of judgment based upon experience. It might seem 
that interpretation of results and establishment of most probable position is a 
matter of judgment anyway, and that the procedure outlined above is not needed. If 
a person will follow this procedure while gaining experience, and evaluate his 
results, the judgment he develops should be more reliable than if developed without 
benefit of a knowledge of the principles involved. The important point to remember 
is that the relative effects of normal random errors in any one direction are 
proportional to their squares. 

Systematic errors are treated differently. Generally, an attempt is made to 
discover the errors and eliminate them or compensate for them. In the case of a 
position determined by three or more lines of position resulting from readings with 
constant error, the error might be eliminated by finding and applying that correc- 
tion (including sign) which will bring all lines through a common point. 


— 


Line of Position 


FicurE Q9a.—A most probable posi- Ficure Q9b.—Ellipse of uncertainty with lines of 
tion based upon a dead reckoning positions of equal probable errors crossing at an 
position and line of position having oblique angle. 


equal probable errors. 


Q10. Mistakes.—The recognition of a mistake, as contrasted with an error (art. 
Q2), is not always easy, since a mistake may have any magnitude, and may be 
either positive or negative. A large mistake should be readily apparent if the 
navigator is alert and has an understanding of the size of error to be reasonably 
expected. A small mistake is usually not detected unless the work is checked. 

If results by two methods are compared, as a dead reckoning position and a line 
of position, exact agreement is not to be expected. But if the discrepancy is unrea- 
sonably large, a mistake is logically suspected. The definition of “unreasonably 
large” is a matter of opinion. If the 99.9 percent areas of the two results just touch, 
it is possible that no mistake has been made. However, the probability of either one 
having so great an error is remote if the errors are normal. The probability of both 
having 99.9 percent error of opposite sign at the same instant is very small indeed. 
Perhaps a reasonable standard is that unless the most accurate result lies within 
the 95 percent area of the least accurate result, the possibility of a mistake should 
be investigated. Thus, if the areas of uncertainty shown in figure Q9a represent the 
95 percent areas, it is probable that a mistake has been made. 

As in other matters pertaining to navigation, judgment is important. The use to 
be made of the results is certainly a consideration. In the middle of an ocean 
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passage a mistake is usually not serious, and will undoubtedly be corrected before it 
jeopardizes the safety of the vessel. But if landfall is soon to be made, or if search 
and rescue operations are to be based upon the position, almost any mistake is 
intolerable. i 

Q11. Conclusion.—The correct identification of the nature of an error is impor- 
tant if the error is to be handled intelligently. Thus, the statement is sometimes 
made that a radio bearing need not be corrected if the receiver is within 50 miles of 
the transmitter. The need for a correction arises from the fact that radio waves are 
assumed to follow great circles, and if radio bearings are to be plotted on a 
Mercator chart, the equivalent rhumb line is needed. The statement regarding 50 
miles implies that the size of the correction is proportional to distance only. It 
overlooks the fact that latitude and direction of the bearing line are also important 
factors, and is therefore a dangerous statement unless its limitations are under- 
stood. 

The recognition of the type of error is also important. A systematic error has 
quite a different effect than a random error, and cannot be reduced by additional 
readings unless some method or procedure is instituted which will cause the errors 
to cancel each other. 

The errors for various percentage probabilities are usually of greater interest 
than the “average” value. The average of a large number of normal errors ap- 
proaches zero, but the probable (50 percent) error might be quite large. 

A person who understands the nature of errors avoids many pitfalls. Thus, the 
magnitude of the errors of individual lines of position is not a reliable indication of 
the size of the error of the fix obtained from them. The size of the triangle formed 
by three lines of position has often been used as a guide to the accuracy of the fix, 
although a large triangle might be the result of a large constant error if the objects 
observed are equally spaced in azimuth. On the other hand, two lines of position 
with small errors might produce a fix having a much larger error if the lines cross 
at a small angle. 
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APPENDIX S 


CHARTS AND PUBLICATIONS OF OTHER AGENCIES 


The following items are publications and charts about which the Defense 
Mapping Agency Hydrographic/Topographic Center frequently receives inquiries. 
The Defense Mapping Agency Office of Distribution Services does not sell the 
charts and publications listed below. Application should be made to the authori- 
ties named. 


Charts 


United States waters and possessions.—Published by National Ocean Service. 
Charts and related publications may be ordered from Distribution Branch, CG83, 
National Ocean Service, Riverdale, Maryland 20737 (Counter Sales: 6501 Lafayette 
Avenue, Riverdale, Maryland—Building 1, 6001 Executive Boulevard, Rockville, 
Maryland—Atlantic Marine Service, NOS, 439 West York Street, Norfolk, Virginia) 
or from authorized sales agents. 

Orders mailed to Riverdale, Maryland should be accompanied by a check or 
money order payable to NOS, Department of Commerce. Remittance from outside of 
the United States should be made either by an International Money Order or by a 
check payable on a United States Bank. 

Canadian coastal and Great Lakes waters.—Charts may be ordered from Hydro- 
graphic Chart Distribution Office, Department of the Environment, 1675 Russel 
Road, P.O. Box 8080, Ottawa, Ontario, KIG 3H6, Canada. Pacific Coast and Western 
Arctic charts may be ordered from Canadian Hydrographic Service, Department of 
the Environment, 512 Federal Building, Victoria, British Columbia. Payment in the 
form of a money order or bankable remittance payable in Canadian funds to the 
Receiver General of Canada must accompany an order. C.O.D. orders and postage 
stamps are not accepted. 

Lower Mississippi River.—Charts and maps of the Mississippi River from the 
Gulf of Mexico to the Ohio River (also St. Francis, White, Big Sunflower, and other 
rivers) may be ordered from U. S. Army Corps of Engineers, Vicksburg District, 
P.O. Box 60, Vicksburg, Mississippi 39180. 

Middle and Upper Mississippi River and Illinois Waterway to Lake Michigan.— 
Charts may be ordered from U. S. Army Corps of Engineers, Chicago District, 219 
South Dearborn Street, Chicago, Illinois, 60604. 

Missouri River.—Charts may be ordered from U. 8. Army Corps of Engineers, 
Omaha District, U. S. Post Office and Courthouse, 215 North 17th Street, Omaha, 
Nebraska 68102. 

Ohio River.—Charts may be ordered from U. S. Army Corps of Engineers, Ohio 
River Division, P.O. Box 1159, Cincinnati, Ohio 45201. 

Tennessee River and tributaries.—Charts may be ordered from Tennessee 
Valley Authority, Map Sales, 400 Commerce Avenue (WP A3), Knoxville, Tennessee 
37902. 

Black Warrior River, Alabama Ruver, Tombigbee River, Apalachicola River, 
Chattahooche River, Flint River, and Pearl River.—Charts may be ordered from 
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U.S. Army Corps of Engineers, Mobile District, P.O. Box 2288, Mobile Alabama 
36628 (Attention SAMEN-DI). 

Gulf Intracoastal Waterway.—A booklet made from National Ocean Service 
nautical charts and showing depths of water, channels, navigation markers, and 
types of bottom from New Orleans, Louisiana to St. Marks, Florida may be ordered 
from U.S. Army Engineer District, Mobile, P.O. Box 2288, Mobile, Alabama 36628 
(Attention: SAMEN-DI). Nautical charts for the Gulf Intracoastal Waterway from 
Brownsville, Texas to New Orleans, Louisiana, and from St. Marks Florida to the 
Florida Keys may be obtained from Distribution Branch, CG33, National Ocean 
Service, Riverdale, Maryland 20737. 


National Ocean Service Publications 


Tide Tables, Tidal Current Tables, and United States Coast Pilots are sold by 
the Distribution Branch, CG33, National Ocean Service, Riverdale, Maryland 20737, 
National Ocean Service, and its agents. 


U.S. Naval Observatory Publications 


Air Almanac, Nautical Almanac, and Astronomical Almanac are for sale by 
Superintendent of Documents, Government Printing Office, Washington, D.C. 
20402. 


U.S. Coast Guard Publications 


Light Lists, United States coasts and possessions, are for sale by Coast Guard 
Sales Agents and by the Superintendent of Documents, Government Printing 
Office, Washington, D.C. 20402. 

Navigation Rules, International—Inland, Commandant Instruction M16672.2, 
may be obtained from U.S. Coast Guard Marine Inspection Offices or the Comman- 
dant (G-N), U.S. Coast Guard Headquarters, Washington, D.C. 20593. 

Local Notice to Mariners may be obtained free from the Commander of the 
local Coast Guard District. 


National Weather Service Publications 


Selected Worldwide Marine Weather Broadcasts, published jointly by the Naval 
Oceanographic Command and the National Weather Service of the National Ocean- 
ic and Atmospheric Administration, is for sale by the Distribution Branch, CG33, 
National Ocean Service, Riverdale, Maryland 207387, Sales Agents of the National 
Ocean Service, and by the Superintendent of Documents, Government Printing 
Office, Washington, D.C. 20402. 


APPENDIX T 


HAND-HELD DIGITAL CALCULATORS 


Tl. Introduction.—Many hand-held digital calculators are available for solving 
calculations in the practice of navigation. Any advantage obtained over manual or 
tabular methods through use of any one of these calculators is largely dependent 
upon the sophistication of the calculator, the user’s familiarity with it, and the 
navigational problem involved. However, even the simplest calculator can be used 
to save time and increase reliability and accuracy in some common calculations. 
Since the sophistication of calculators is so diverse, they will be discussed in three 
general categories described here as basic, intermediate, and advanced or program- 
mable calculators. 


Basic Calculators 


T2. Basic Calculators can be used to add, subtract, multiply, and divide. Some 
calculators in this category can be used for obtaining square roots, reciprocals, and 
the logarithms of numbers, but they cannot be used for obtaining trigonometric 
functions or the inverse trigonometric functions. The basic calculators lack the 
addressable storage features of the more advanced calculators which can be used to 
facilitate arithmetic operations. 

The navigational applications of the basic calculators include: (1) linear interpo- 
lation, (2) solution of basic formulas requiring only routine arithmetic operations, 
(3) use with tables of trigonometric functions for solutions of basic formulas involv- 
ing trigonometric functions, and (4) other routine arithmetic operations. 

T3. Linear interpolation.—The use of the basic calculator for linear interpola- 
tion is simple, accurate, reliable, and time saving. The calculator can be used to 
expedite the linear interpolations normally associated with the use of sight reduc- 
tion tables. Note that the interpolation table of Pub. No. 229 does not always 
provide interpolations to the nearest tenth of a minute. 

T4. Basic calculator with square root capability.—The basic calculators that 
provide the square roots of numbers can be used for the solution of several common 
navigation problems. 

Distance to the visible horizon (art. 724, vol. II) in nautical miles can be 
calculated using the formula: 


d=1.17Vhy 
or 
dee 2 IN fs 


depending upon whether the height of eye of the observer above sea level is in feet 


(hy) or in meters (hm). 
Dip of the visible horizon (art. 725, vol. II) in minutes of arc can be calculated 


using the formula: 


D=0/9TV hy. 
or 
D=1'76 V lie 
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depending upon whether the height of eye of the observer above sea level is in feet 
(hy) or in meters (hn). 

Distance to the radar horizon (art. 506, vol. II), in nautical miles can be 
calculated using the formula: 


d=1.22Vhy 
or 
d=2.21Vihm, 


depending upon whether the height of the antenna above sea level is in feet (hy) or 
in meters (hm). 

T5. Dip of the sea short of the horizon.—The basic calculator can be used 
instead of table 22 for the solution of the dip of the sea short of the horizon (art. 
726, vol. II) by means of the formula: 


hg Ba d, 
; =60 tan7 + f 
076.1 d, Pb 


where D, is the dip short of the horizon in minutes of arc; h, is the height of eye of 
the observer above sea level in feet and must be entered in the formula in nau- 
tical miles or parts thereof; 8, is a parameter (0.8321) which characterizes 
terrestrial refraction; r, is the mean radius of the earth, 3440.1 nautical miles; and 
d, is the distance to waterline of obstruction in nautical miles. 

The formula simplifies to: 


he d, 
D,=60 tan} a " 
6076.1d, 8268 


T6. Use with tables of trigonometric functions.—The basic calculator can be 
used with tables of natural trigonometric functions (table 31) to avoid the use of 
logarithmic functions which might otherwise be necessary. 

The solutions of the examples given in article 706 of volume II can be effected 
with the basic calculator if the natural trigonometric functions are extracted from 
table 31 or other tables of trigonometric functions. The solutions by this method are 
generally more laborious and time consuming than the use of the intermediate 
calculator (art. T7) or modern sight reduction tables. 


Intermediate Calculators 


T7. Intermediate calculators provide the trigonometric functions and inverse 
trigonometric functions lacking in the basic calculator, but these calculators cannot 
be programmed. The intermediate calculators normally contain many of the special 
features which enhance the use of the calculator for solving navigational problems. 
In addition to the special features which the basic calculator may have, the inter- 
mediate calculator may have the capability for conversion of degrees and minutes 
to degrees and decimal degree, and for rectangular to polar coordinate conversion. 
These intermediate calculators usually have additional working storage registers 
and addressable storage registers for expeditious solution of the more complex 
arithmetic operations. 

The intermediate calculators can be used for the solutions of most, if not all, of 
the problems normally encountered in marine navigation. Some of the applications 
of these intermediate calculators are discussed under the following categories: (1) 
sight reduction, (2) azimuth and amplitude solutions, and (8) the sailings. 

T8. Sight reduction by basic formulas permits the use of the normally noninte- 
gral values of latitude of the observer, and LHA and declination of the celestial 
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body. The reductions are effected without need for the interpolation normally 
associated with the use of sight reduction tables of the inspection type. Solving the 
formulas by means of the intermediate calculator, the sights can be readily reduced 
from the observer’s most probable position or any assumed position of his choice. 
Simultaneous, or nearly simultaneous, observations can be reduced using a single 
assumed position. The use of the most probable position for the assumed position 
instead of that position which would provide integral values of latitude and LHA to 
avoid interpolation for these quantities generally tends to provide a shorter straight 
line LOP, and thus a better representation of the circle of equal altitude (art. 1701). 

The computed altitude is calculated using the basic formula for solution of the 
undivided navigational triangle (art. 706, vol. ID: 


sin h=sin L sin d+cos L cos d cos LHA, 


in which h is the altitude to be computed (Hc), L is the latitude of the assumed 
position for the reduction, d is the declination of the celestial body, and LHA is the 
local hour angle of the body. Meridian angle (t) can be substituted for LHA in the 
basic formula. 

For use with the intermediate calculator, the basic formula is restated in terms 
of the inverse trigonometric function (art. 141, vol. ID): 


Hc=sin™'[(sin L sin d)+(cos L cos d cos LHA)]. 


When latitude and declination are of contrary name, declination is treated as a 
negative quantity. No special sign convention is required for the local hour angle as 
in the following azimuth angle calculations. 

The azimuth angle (Z) can be calculated using the altitude azimuth formula 
(art. 709, vol. ID) if the altitude is known. The formula stated in terms of the inverse 
trigonometric function is 


sin d—(sin L sin Hc) 
Z=Ccos»* 
(cos L cos He) 


If the altitude is unknown or a solution independent of altitude is required, the 
azimuth angle can be calculated using the time azimuth formula (art. 7 07, vol. II). 
The formula stated in terms of the inverse trigonometric function is 
sin LHA 


(cos L tan d)—(sin L cos LHA) 


2-tan| 


The sign conventions used in the calculations of both azimuth formulas are as 
follows: (1) If latitude and declination are of contrary name, declination is treated 
as a negative quantity; (2) If the local hour angle is greater than 180°, it is treated 
as a negative quantity. 

If the azimuth angle as calculated is negative, it is necessary to add 180° to 
obtain the desired value. 

The calculation of altitude and azimuth angle by means of the intermediate 
calculator requires many individual key strokes. Error-free accomplishment of a 
large number of strokes is not easy. Skill can be obtained by practice using values 
differing by only a few minutes from the integral entering arguments of Pub. No. 
229. The tabulated values in the tables provide a convenient means of checking the 
solution by calculator for gross error. 
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T9. Azimuths.—When checking the error of the compass by an azimuth obser- 
vation of a celestial body, it is necessary to compute the azimuth for the time and 
place of observation for comparison with the observed azimuth. When tables are 
used for the purpose (art. 719, vol. II) tedious triple interpolation is usually re- 
quired. When calculators are used, solution can be effected by one of several 
formulas, including the time and altitude azimuth formula: 


sin t cos d 
Sin} 2 sean ae 
cos h 


This formula is not generally recommended because of ambiguity with respect to 
quadrant as discussed in article 710 of volume II. 

When the altitude is known and a solution independent of the altitude is not 
desired, solution can be effected by the altitude azimuth formula or by the time 
azimuth formula given in article T8. 

Example.—In DR lat. 41°25'9S, the azimuth of the sun is observed as 016°0 pgc. 
At the time of the observation, the declination of the sun is 22°19/6N; the local 
hour angle of the sun is 342°37/6. 

Required.—The gyro error by calculation of 

sin LHA 


Hissin 2 : 
(cos L tan d)—(sin L cos LHA) 


using the intermediate calculator. 
Preliminary.—(1) Convert each known quantity to degrees and decimal degree: 


Latitude 41°25/9S =A lea? 
Declination 22°19/6N =(—) 227327 
LHA 342°37/6 =(—) 342°627 


(2) Prepare form on which to record results obtained in the several procedural 
steps of the calculations. 

Solution.—(1) Procedure varies according to calculator design and the degree to 
which the user employs the features of the design enabling more expeditious 
solutions. 

(2) In this example, only the initial step of substituting the given quantities in 
the formula, in accordance with the sign conventions, is given before the azimuth 
angle as obtained by the calculator is stated. 


sin LHA 


= tana 
(cos L tan d)—(sin L cos LHA) 


ia sin (—) 3427627 
=tan 
(cos 417432 tan (—) 22°327)—(sin 41°482x cos (—) 3427627) 


Z=(—)17°6. 


(3) Since Z as calculated is a negative angle (—17°6), 180° is added to obtain the 
desired azimuth angle, 162°4. 


Z S162°4E 
Zn 017°6 
Zn pgc 016°0 
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Answer.—Gyro Error 1°6E. 


' T10. Amplitudes (art. 720, vol. ID can be easily computed by means of the 
intermediate calculator. The basic formula is 


A=sin ! (sin d sec J), 


A=sin"“! ae 5 
cos L 


Where A is the arc of the horizon between the prime vertical and the body, L is the 
latitude at the point of observation, and d is the declination of the celestial body, 
usually the sun. 

Example.—The DR latitude of a ship is 51°24‘6N, at a time when the declina- 
tion of the sun is 19°40/4N. 

Required.—The amplitude (A), when the center of the setting sun is on the 
celestial horizon, by calculation of 


— sin d 
cos L 


using the intermediate calculator. 
Preliminary.—(1) Convert each known quantity to degrees and decimal degree. 
Latitude 51°24/6N=51°410 
Declination 19°40/4N=19°673 

(2) Prepare form on which to record results obtained in the several procedural 
steps of the calculations. 

Rules.—(1) All terms are treated as positive quantities, whether or not latitude 
and declination are of contrary name. 

(2) The amplitude is given the prefix E if the body is rising and W if it is 
setting; it is given the suffix N when the declination is north and the suffix S when 
the declination is south. 

Solution.—(1) Procedure varies according to calculator design and the degree to 
which the user employs the features of the design enabling more expeditious 
solutions. 

(2) In this example, only the initial step of substituting the given quantities in 
the formula, in accordance with the rules, is given before the amplitude as obtained 


by the calculator is stated. 
sin d 
A=sin"! 
cos L 


=sgin-! (sin-19°673 cos 51°410) 


which can be stated as 


A=82°7 
Answer.—A W32°7N. 
Interconversion of amplitude and azimuth is similar to that of azimuth angle 
and azimuth. Thus, if the amplitude is E15°S, the body is 15° south of east or 
90°+15°=Zn 105°. 
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T11. Great-circle solutions for distance and initial course angle can be calculat- 
ed from the formulas: 


D=cos '([(sin LZ; sin L2)+(cos L; cos Lz cos DLo)] 
. sin DLo 


C=tan™! 
(cos L, tan L,)— (sin Li cos DLo) 


where D is the great-circle distance, C is the initial great-circle course angle, L; is 
the latitude of the point of departure, Lz is the latitude of the destination, and DLo 
is the difference of longitude of the points of departure and destination. If the name 
of the latitude of the destination is contrary to that of the point of departure, it is 
treated as a negative quantity. 

Example 1.—A ship is proceeding from Manila to Los Angeles. The captain 
desires to use great-circle sailing from lat. 12°45/2N, long. 124°20/1E, off the en- 
trance to San Bernardino Strait, to lat. 33°48'8N, long. 120°07/1W, 5 miles south of 
Santa Rosa Island. 

Required.—(1) The great-circle distance and 

(2) initial great-circle course. 
Preliminary.—(1) Convert each known quantity to degrees and decimal degree: 


he 12°45, 2N= 127753N 
Lz 33°48/8N =33°813N 
DLo 115°32'8E=115°547E 


(2) Prepare form on which to record results obtained in the several procedural 
steps of the calculations. 

Rule.—When the latitudes of departure and destination are of contrary name, 
the latitude of the destination is treated as a negative quantity. 

Solution.—(1) Procedure varies according to calculator design and the degree to 
which the user employs the features of the design enabling more expeditious 
solutions. 

(2) In this example, only the initial step of substituting the given quantities in 
the formula, in accordance with the sign convention or rule, is given before the 
distance and course angle as obtained by the calculator are stated. 


D=cos  {(sin L,; sin L2)+(cos L; cos Lz cos DLo)] 
=cos” {(sin 12°753 x sin 33°813)+ (cos 12°753 x cos 33°813 x cos 115°547)] 


D=103°099 
sin DLo 


€=tan “+ | 


(cos Li tan L2)—(sin L, cos DLo) 


sin 115°547 
=i" 


(cos 12°753xtan 33°813)—(sin 12°753xcos 115°547) 
C=50°322 


Answers.—(1) D 6,186 nautical miles. 
(2) C N50°3E, Cn 050°3. 
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The Vertex 


The latitude of the vertex, L,, is always numerically equal to or greater than Li 
or Lz. If initial course angle, C, is less than 90°, the nearer vertex is toward L2; but 
if C is greater than 90°, the nearer vertex is in the opposite direction. The vertex 
nearer L, has the same name as J). 


The latitude of the vertex can be calculated from the formula: 
L,=cos™* (cos LZ; sin C). 


The difference of longitude of the vertex and the point of departure (DLo,) can 
be calculated from the formula: 


cos C 
DLo,=sin=! : 
sin IE, 


The distance from the point of departure to the vertex (D,) can be calculated 
from the formula: 


D, =sin~! (cos LZ; sin DLo,). 


Example 2.—The situation is the same as in example 1. 
Required.—(1) The latitude of the vertex. 
(2) The longitude of the vertex. 
(3) The distance from the point of departure to the vertex. 
Solution.—(1) Procedure varies according to calculator design and the degree to 
which the user employs the design features enabling more expeditious solutions. 
(2) In this example, only the initial steps of substituting the given quantities in 
the formulas are given before the latitude of the vertex, difference of longitude of 
the vertex, and the distance from the point of departure to the vertex are stated. 


L»=cos ‘{cos L; sin C] 


=cos~ [cos 12°753 xsin 50°322] 


Answers.—(1) Ly =41°2171N. 
cos C 
Ditoj—siniee 
sin L, 


=sin~'[cos 50°322-~sin 417353] 
DLo, =75°05/8. 
(2) A» =160°34/1W. 
D, =sin~ {cos L; sin DLoy] 
=sin~ {cos 12°753 xsin 75-097] 
D, =70° 480. 


(3) 4,229 nautical miles. 
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Points on the Great-Circle Track 


DLo, and D, of the nearer vertex are never greater than 90°. However, when J, 
and L, are of contrary name, the other vertex, 180° away, may be the better one to 
use in the solution for points on‘the great-circle track if it is nearer the mid point of 
the track. 

The latitudes of points on the great-circle track can be determined for equal 
DLo intervals each side of the vertex (DLoz) using the formula: 


L,=tan™! (cos DLoyr tan Ly). 


Example 3.—Same situation as example 1. 

Required.—Points on the great-circle track for equal DLo intervals each side of 
the vertex (DLor). 

Preliminary.—Select DLo interval appropriate for latitude and speed of ad- 
vance, 12°. 

Solution.—(1) Procedure varies according to calculator design and the degree to 
which the user employs the design features enabling more expeditious solutions. 

(2) In this example, only the initial steps of substituting the given quantities in 
the formulas are given before the latitudes of points on the great-circle track are 
stated. 


L,=tan-‘{cos DLo;z tan Ly] 
=tan™ [cos 12°xtan 41°353] 

I, =40°726. 

Answers.—(1) Ia =40°43/6. 
Ar =172°34/1W(12°W of Av). 
Ar = 148°34/1W(12°E of Ay). 
I,z=tan 1[cos 24° tan 417353] 
Le =38°802 

(2) Te=38 4041 
Ar = 175°25/6E(24°W of dy). 
Ar = 136°3411W(24°E of dv). 


Other points are similarly found. 


Alternative Solution for Points on Track 


The method of selecting the longitude (or DLoz) and determining the latitude 
at which the great-circle crosses the selected meridian provides shorter legs in 
higher latitudes and longer legs in lower latitudes. Points at desired distances or 
desired equal intervals of distance on the great-circle from the vertex can be 
calculated using the formulas: 


L,=sin™ {sin Ly cos Dyr] 
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Sm Ler 


DLo.;=sin™! 


Cos. 


Example 4.—Same situation as example 1. 

Required.—Points on the great-circle track at equal intervals of distance from 
the vertex. 

Preliminary.—Select distance intervals appropriate for speed of advance, 300 
nautical miles (5°). 

Solution.—(1) Procedure varies according to calculator design and the degree to 
which the user employs the design features enabling more expeditious solutions. 

(2) In this example, only the initial steps of substituting the given quantities in 
the formulas are given before the latitude and the difference of longitude of the 
point at the desired distance from the vertex are stated. 


Ie=sin™ {sin Ly cos Dor] 


=gsin-#{[sin 41°353 xcos 5°] 


Lz=41°161 
Lr=41°09/7N. 
sin Doz 
DLog=sinr? 
cos Lr 


=sin~ [sin 5°+cos 41°353] 
DLovz = 6° 667 
DLor=6°40/0. 
Answer.—(1) PEZALP09IN: 
Ne = 158°54/1W. 
Ar =167°14/1W. 
Iz=sin ‘[sin Ly cos Dor] 


=sin~ {sin 41°353 x cos 10°] 


L,=40°591 
Lr=40°35/5N. 
sin ID oe: 
Doi sink | aneee 
cos Ly 


=sin~ [sin 10°+cos 417353] 
DLopz = 13°375 


DLO =18°22'5. 
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(2) Taq = 40°35! 55N. 
Ar =147°11/6W(300 miles W of dy). 
Ar = 173°56/6W(300 miles E of Az). 


Other points are similarly found. 

T12. Plane sailings.—A calculator having the rectangular to polar coordinate 
conversion feature affords expeditious solutions of plane sailings. However, the user 
must keep in mind whether the difference of latitude corresponds to the calculator’s 
X-coordinate or to its Y-coordinate. 

Example 1.—A vessel steams 188 miles on course 005°. 

Required.—(1) Difference of latitude, (2) departure. 

Solution.—(1) This problem involves converting polar coordinates (188 miles, 
005°) to rectangular coordinates. 

(2) Procedure varies according to calculator design. 


X-coordinate 187.285 
Y-coordinate 16.385 


Answer.—(1) 1 187/38 N. 
(2) p 16.4 mi, EB 


Advanced Calculators 


T13. Advanced or programmable calculators have the potential for significant- 
ly reducing the quantity and complexity of the navigator’s computational workload. 
Properly programmed calculators now available have the capability for ‘“memoriz- 
ing” and executing specific keystroke sequences required in the solution of a prob- 
lem. This feature eliminates the requirement for calculating each step of a formula 
when using the basic or intermediate calculator. The need for format conversion 
(i.e., degrees and minutes to degrees and decimal degree) and calculating the formu- 
la in a specific order is no longer necessary. Thus, computation time is greatly 
reduced along with chances for human error. 

Sight reduction speed is further enhanced when the “memory” of the calculator 
is stored with almanac data. 

Other advantages to be derived from an advanced calculator include: 

1. Relatively error-free reductions of a large number of celestial observations to 
improve position information. 

2. Enables navigators to concentrate more on analysis and evaluation by free- 
ing them from time-consuming and error prone repetitious tasks. 


APPENDIX U 


UNDERWATER LOG CALIBRATION GUIDELINES 


U1. Introduction.—During the calibration of the underwater log on the meas- 
ured mile course, the applicable requirements and procedures specified for the 
ship’s standardization trial should be followed as closely as possible. The calibration 
should not be conducted when the effects of wind and sea can materially affect the 
accuracy of the results. Preferably, the measured mile should be run in a calm sea. 
The following guidelines do not include the computational procedures and equip- 
ment adjustments which may be found in the manufacturer’s manual for the log 
being calibrated. 


Guidelines 


U2. Limiting sea and wind conditions.—The recommended maximum sea and 
wind conditions are sea state 3 and wind force 5 on the Beaufort scale (app. V). No 
more than 3° of rudder movement should be required to steer a steady course while 
on the measured mile. Excessive use of the rudder will reduce the accuracy of the 
calibration. 

U3. Minimum depths.—The runs should be made on measured miles where the 
water is of such depth that shallow-water effects will not be experienced. A reasona- 
ble estimate of the required minimum depth in feet in the approach, measured 
mile, and turn around area is three times the square root of the product of the 
ship’s beam and draft in feet, or 0.3 times the square of the ship’s speed in knots, 
whichever is greater. 

U4. Tidal current.—Each series of runs of the measured mile at the same speed 
must be made while the tidal current is running in the same direction. The method 
of averaging which compensates for water current will produce correct ship’s speed 
only if the speed of the tidal current is increasing or decreasing uniformly with 
time. The time interval between runs of a series should be kept reasonably con- 
stant. If the first run of a series starts, for example, at 0900 and the second at 0920, 
then the third run should start at about 0940. 

U5. Draft and trim.—Unless the log is to be calibrated for different loadings or 
different displacements, the runs should be made at normal trim and at approxi- 
mately average draft. 

U6. Propeller RPM.—During the run of the measured mile at a specific speed, 
RPM must be maintained constant within a tolerance of plus or minus two RPM’s. 
If this tolerance is exceeded during any run, the data for the run should be 
discarded; the run should be repeated. To insure that the ship has reached its 
terminal speed for the RPM during a run, the ship must be steady on course at the 
required RPM when at least 1 mile from the range of the first set of markers. The 
speed at the various RPM’s is obtained in addition to the log calibration data. 

U7. Runs required.—A series of three consecutive runs, alternating in direc- 
tion, should be made for each speed for which the log is to be calibrated. If any run 
must be discarded, additional runs must be made to obtain three consecutive runs 
alternating in direction. The effects of current and sea conditions being additive in 
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one direction and subtractive in the other direction, the data for the second run of a 
series is used as a hypothetical fourth run in calculating the average speed through 
the water. The mathematical derivation is referred to as a mean of means. The 
correct mean value for speed and the RPM is the sum of the data for the first and 
third runs plus two times the data for the second run, and this sum total divided by 
four. This can be stated in the following formula: 


Ui+2U2+U3 
i : 


Um = 


After a run has been completed in one direction, the ship should be taken well 
beyond the measured mile course and turned without excessive use of rudder so 
that the same track will be repeated on the following run. The limit on the rudder 
angle is to limit the loss of speed during the turn. The ship should be taken well 
away from the measured mile course to insure sufficient time to reach terminal 
speed for the RPM prior to passing the range of the first set of markers on the 
following run. The ship should be steady on course at the required RPM when at 
least 1 mile from the first set of markers. 

In calibrating an electromagnetic log, each series of runs must be made at a 
speed as specified in the manufacturer’s instruction manual. Thus, the number of 
runs and speeds during each series of runs are governed by equipment design. As 
specified in the manufacturer’s instruction manual, a series of runs may have to be 
discarded if the speeds ascertained are not within certain limits. 


Advance Preparations 


U8. Advance preparations.—Complete calibration of the underwater log may 
require a full working day in an area distant from the area of the ship’s normal 
operations. Advance preparations should include equipment tests in accordance 
with the manufacturer’s instruction manual, and practice runs on a simulated 
measured mile to insure that the log is functioning properly (except for calibration) 
and that personnel are familiar with the procedures to be followed. 

U9. Verification.—Since the markers for measured-mile courses are not U. S. 
Coast Guard maintained aids to navigation, advance preparation should include 
verification that the markers are in place. 


Duties of Observers 


U10. Duties of observers.—Two observers on the navigation bridge must make 
independent observations of the time required to run the measured mile. One 
bridge observer acts as coordinator; the other insures that the course is held steady 
during the run and that excessive rudder is not used. Approximately 3 minutes 
before the first set of markers are “in range” (or “in transit”) the coordinator calls 
out “Get ready.” A few seconds before the first set of markers are in range, the 
coordinator calls out “Stand by.’’ At the instant the first set of markers are in 
range by his observation, the coordinator calls out “Mark” and simultaneously 
starts his stopwatch. The other bridge observer starts his stopwatch at the instant 
of his independent observation that the first set of markers are in range. 

The engine room observer records the shaft RPM at the coordinator’s “Mark” 
and at each 15-second interval thereafter during the run. The engine room observer 
insures that the tolerance of + or — two RPM’s is not exceeded during the run. 
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The log observer determines the time required for the distance counter to 
increase 1 mile. He does not necessarily record the mileage on the counter and start 
his stopwatch at the instant of the coordinator’s “Mark.” Because of the difficulty 
of reading intermediate values on the counter, the normal procedure is to delay the 
log distance timing until such time after the coordinator’s ‘“Mark” that the bottom 
of the hundredths digit just appears in the window of the counter. 

An assistant log observer may be employed for independent timing of the 
distance counter and for recording of data. 

The coordinator must insure that speed and course are held steady until such 
time that the log counter has registered an increase of 1 mile. An initial high 
negative error in the log may extend the run several seconds beyond the time the 
second set of markers are in range. By comparing the time required to run the 
measured mile with the time required for the log counter to increase exactly 1 mile 
the percentage error of the log can be determined. 

While running the measured mile for calibration of an electromagnetic log, the 
instantaneous readings of the speed dial can be ignored. 
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APPENDIX W 


SEA STATE 


This appendix provides, by means of representative photographs illustrating 
the effects of the wind on the sea surface, a pictorial guide to mariners for estimat- 
ing the wind speed at sea. 

The photographs and associated text are taken from State of Sea Photographs 
for the Beaufort Wind Scale, Crown Copyright, Ottawa, 1975. The material is 
reprinted with minor changes through permission of the Atmospheric Environment 
Service, Department of the Environment, Canada. 


State of Sea Photographs for the Beaufort Wind Scale 


W1. Introduction.—This appendix presents the results of a project carried out 
on board the Canadian Ocean Weather Ships C.C.G.S. St. Catharines and C.C.G:S. 
Stonetown. The aim of the project was to collect photographs of the sea surface as it 
appears under the influence of the various ranges of wind speed defined by The 
Beaufort Scale of Wind Force (app. V). Word descriptions of the appearance of the 
sea for each Beaufort Force have been available for many years, but it was felt that 
photographs illustrating the conditions associated with each force would be of some 
assistance to ships’ officers in estimating wind speed. Sea photographs taken by low- 
flying aircraft of the United States Navy were published by the Meteorological 
Branch under a circular memorandum dated December 20, 1957. However, these 
aerial photographs, while good, do not depict the aspect of the sea as viewed from 
the bridge of a ship. The apparent lack of good photographs of this nature prompted 
this project on the Ocean Weather Ships. A selection of the best photographs 
resulting from the project are presented. 

W2. Estimating the wind at sea.—Observers on board ships at sea usually 
determine the speed of the wind by estimating its Beaufort Force, as merchant 
ships are not normally equipped with wind measuring instruments. Through experi- 
ence, ships’ officers have developed various methods of estimating this force. The 
effect of the wind on the observer himself, the ship’s rigging, flags, etc., is used as a 
criterion; but, estimates based on these indications give the relative wind which 
must be corrected for the motion of the ship before an estimate of the true wind 
speed can be obtained. 

The most common method involves the appearance of the sea surface. The state 
of the sea disturbance, i.e. the dimensions of the waves, the presence of white caps, 
foam or spray, depends principally on three factors: 

1. The wind speed. The higher the speed of the wind, the greater is the sea 
disturbance. 

2. The duration of the wind. At any point on the sea, the disturbance will 
increase the longer the wind blows at a given speed, until a maximum state of 
disturbance is reached. 

3. The fetch. This is the length of the stretch of water over which the wind acts 
on the sea surface from the same direction. For a given wind speed and duration, 
the longer the fetch, the greater is the sea disturbance. If the fetch is short, say a 
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few miles, the disturbance will be relatively small no matter how great the wind 
speed is or how long it has been blowing. 

There are other factors which can modify the appearance of the sea surface 
caused by wind alone. These are strong currents, shallow water, swell, precipitation, 
ice, and wind shifts. Their affects will be described later. 

A wind of a given Beaufort Force will, therefore, produce a characteristic 
appearance of the sea surface provided that it has been blowing for a sufficient 
length of time, and over a sufficiently long fetch. The effects of currents, shallow 
water, swell, precipitation, etc., should also be absent. The “Sea Criteria” associated 
with each Beaufort Force from force 0 to force 12 were agreed upon and drawn up 
by the International Meteorological Committee in 1939. These word descriptions of 
the state of the sea are known as the Sea Criterion of the Beaufort Scale of Wind 
Force. 

The use of the sea criterion has the advantage that the speed of the ship need 
not be considered. In practice, the mariner observes the sea surface, noting the size 
of the waves, the white caps, spindrift, etc., and then finds the criterion (app. V) 
which best describes the sea surface as he saw it. This criterion is associated with a 
Beaufort number, for which a corresponding mean wind speed and range in knots 
are given. Since meteorological reports require that wind speeds be reported in 
knots, the mean speed for the Beaufort number may be reported, or an experienced 
observer may judge that the sea disturbance is such that a higher or lower speed 
within the range for the force is more accurate. 

This method, while it appears simple, should be used with caution however. It 
should be borne in mind that the sea conditions described for each Beaufort Force 
(app. V) are “steady-state” conditions; i.e. the conditions which result when the 
wind has been blowing for a relatively long time, and over a great stretch of water. 
At any particular time at sea, though, the duration of the wind or the fetch, or 
both, may not have been great enough to produce these “steady-state” conditions. 
When a high wind springs up suddenly after previously calm or near calm condi- 
tions, it will require some hours, depending on the strength of the wind, to generate 
waves of maximum height. The height of the waves increases rapidly in the first 
few hours after the commencement of the blow, but increases at a much slower rate 
later on. Considering the effect of fetch, if the observer could start at the beginning 
of the fetch (say at a coastline when the wind is offshore) after the wind has been 
blowing for a long time, and proceed downwind, he would notice that the waves 
were quite small at the beginning, and increased in height rapidly over the first 50 
miles or so of the fetch. Farther along he would notice that the rate of increase in 
height with distance would slow down, and after 500 miles or so from the beginning 
of the fetch there would be little or no increase in height. 

To illustrate the duration of winds and the length of fetches required for 
various wind forces to build seas to 50 percent, 75 percent, and 90 percent of their 
theoretical maximum heights, table W2 is of interest. 

The theoretical maximum wave heights represent the average heights of the 
highest third of the waves, as these waves are of the most practical significance. 

It will be seen that winds of force 5 or less can build seas to 90 percent of their 
maximum height in less than 12 hours, provided the fetch is long enough. Higher 
winds require a much greater time—force 11 winds requiring 32 hours to build 
waves to 90 percent of their maximum height. The times given in table W2 repre- 
sent those required to build waves starting from initially calm sea conditions. If 
waves are already present at the onset of the blow, the times would be somewhat 


APPENDIX W: SEA STATE 1815 


less depending on the initial wave heights and their direction relative to the 
direction of the wind which has sprung up. 

The first consideration when using the sea criterion to estimate wind speed, 
therefore, is to decide whether the wind has been blowing long enough from the 
same direction to produce a steady state sea condition. If not, then it is possible that 
the wind speed may be underestimated. For example, if a wind with an actual speed 
of force 9 has been blowing for only 7 hours, it may have generated a sea condition 
which would perhaps correspond to a steady state for force 6. If, in this case, the sea 
criterion was used blindly without considering the short duration, and force 6 was 
reported, then the wind would be underestimated by three Beaufort forces, or 
approximately 20 knots. This is an extreme example however, as it is very unlikely 


that even an inexperienced seaman could not distinguish a force 6 from a force 9 
wind. 


Theoretical Fetch (nautical miles), with 
Beaufort maximum wave | Duration of winds, (hours), unlimited duration of 
force of height (ft) with unlimited fetch, to blow, to produce percent 
wind. unlimited produce percent of maxi- of maximum wave height 
duration mum wave height indicated. indicated. 
and fetch. 


50% 75% 90% 50% 75% 90% 


3 2 LD 5 8 3 13 25 

5 8 omo 8 12 10 30 60 

7 20 O80 12 PA 22 Mo 150 

9 40 7 16 25 55 150 280 

11 70 9 19 32 85 200 450 
TABLE—W2. 


Experience has shown that the appearance of white caps, foam, spindrift, etc., 
reaches a steady state condition before the height of the waves attain their maxi- 
mum value. It is a safe assumption that the appearance of the sea (as regards white 
caps, etc.) will reach a steady state in the time required to build the waves to 50-75 
percent of their maximum height. Thus, from table W2, it is seen that a force 5 
wind could require 8 hours at most to produce a characteristic appearance of the 
sea surface. 

A second consideration when using the sea criterion is the length of the fetch 
over which the wind has been blowing to produce the present state of the sea. On 
the open sea, unless the mariner has a copy of the latest synoptic weather map 
available, he will not know the length of the fetch. It will be seen from table W2, 
though, that only relatively short fetches are required for the lower wind forces to 
generate their characteristic seas. On the open sea, the fetches associated with most 
storms and other weather systems are usually long enough so that even winds up to 
force 9 can build seas up to 90 percent or more of their maximum height, providing 
the wind blows from the same direction long enough. 
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When navigating close to a coast or in restricted waters, however, it may be 
necessary to make allowances for the shorter stretches of water over which the 
wind blows. For example, referring to table W2, if the ship is 22 miles from a coast 
and an offshore wind with an actual speed of force 7 is blowing, the waves at the 
ship will never attain more than 50 percent of their maximum height for this speed 
no matter how long the wind blows. Hence, if the sea criterion were used under 
these conditions without consideration of the short fetch, the wind speed would be 
underestimated. With an offshore wind, the sea criterion may be used with confi- 
dence if the distance to the coast is greater than the values given in the extreme 
right-hand column of table W2; again, provided that the wind has been blowing 
offshore for a sufficient length of time. 

Other factors aside from the duration of the blow and the fetch affect the 
appearance of the sea surface, and should be considered if they are present. 

W3. Tides and Currents.—A wind blowing against a tide or strong current 
causes a greater sea disturbance than normal, which may result in an overestimate 
of the wind speed. On the other hand, a wind blowing in the same direction as a 
tide or strong current causes less sea disturbance than normal, and may result in 
an underestimate of the wind speed. 

W4. Shallow Water.—Waves running into shallow water increase in steepness, 
and hence, their tendency to break. With an onshore wind there will, therefore, be 
more white caps over the shallow waters than over the deeper water farther 
offshore. It is only over relatively deep water that the sea criterion can be used 
with confidence. 

W5. Swell.—Swell is the name given to waves, generally of considerable length, 
which were raised in some distant area by winds blowing there, and which have 
moved into the vicinity of the ship; or to waves raised nearby and which continue to 
advance after the wind at the ship has abated or changed direction. The direction of 
swell waves is usually different from the direction of the wind and the sea waves. 
Swell waves are not to be considered when estimating wind speed and direction. 
Only those waves raised by the wind blowing at the time are of any significance. The 
wind-driven waves show a greater tendency to break when superimposed on the 
crests of swell, and hence more white caps may be formed than if the swell were 
absent. Under these conditions the use of the sea criterion may result in a slight 
overestimate of the wind speed. 

Wé6. Precipitation.—Heavy rain has a damping or smoothing effect on the sea 
surface which must be mechanical in character. Since the sea surface will therefore 
appear less disturbed than would be the case without the rain, the wind speed may 
be underestimated unless the smoothing effect is taken into account. 

W7. Ice.—Even small concentrations of ice floating on the sea surface will 
dampen waves considerably, and concentrations greater than about seven tenths 
average will eliminate waves altogether. Young sea ice, which in the early stages of 
formation has a thick soupy consistency, and later takes on a rubbery appearance, 
is very effective in dampening waves. Consequently, the sea criterion cannot be 
used with any degree of confidence when sea ice is present. In higher latitudes, the 
presence of an ice field some distance to windward of the ship may be suspected if, 
when the ship is not close to any coast, the wind is relatively strong but the seas 
abnormally underdeveloped. The edge of the ice field acts like a coastline, and the 
short fetch between the ice and the ship is not sufficient for the wind to develop the 
seas fully. 
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W8. Wind shifts——Following a rapid change in the direction of the wind, as 
occurs at the passage of a cold front, the new wind will flatten out to a great extent 
the waves which were present before the wind shift. This is so because the direction 
of the wind after the shift may differ by 90° or more from the direction of the 
waves, which does not change. Hence, the wind may oppose the progress of the 
waves and dampen them out quickly. At the same time the new wind begins to 
generate its own waves on top of this dissipating swell, and it is not long before the 
cross pattern of waves gives the sea a “choppy” or confused appearance. It is during 
the first few hours following the wind shift that the appearance of the sea surface 
may not provide a reliable indication of the wind speed. The wind is normally 
stronger than the sea would indicate, as old waves are being flattened out, and new 
waves are just beginning to be developed. 

W9. Night Observations.—On a dark night, when it is impossible to see the sea 
clearly, the observer may estimate the apparent wind from its effect on the ship’s 
rigging, flags, etc., or simply the “feel” of the wind. 


The State of Sea Photographs 


The photographs were taken by the Meteorological Branch personnel of the 
Canadian Ocean Weather Ships C.C.G.S. St. Catharines and C.C.G.S.. Stonetown. 

The photographs were taken between March, 1960 and May, 1961. In this 
period a total of 247 photographs were obtained. Zeiss Ikon (2¥%4 x34) cameras and 
Kodak Verichrome Pan film were used. 

Of the 247 pictures available, 2 pictures were chosen to illustrate conditions 
associated with each Beaufort force from force 1 to force 10. Only one picture was 
considered acceptable to illustrate force 0. No representative photographs were 
available to illustrate force 11 conditions, and no photographs were made of force 12 
conditions. 

In selecting the pictures for presentation here, it was considered that they 
should meet two requirements. Firstly, a picture illustrating the effects of a given 
wind force should conform as closely as possible to the Sea Criterion for that force. 
Secondly, the wind prior to the time of the picture should be relatively steady both 
in direction and at the given force over many hours to ensure that near steady-state 
sea conditions for that force at the time of the picture existed. A large percentage of 
the photographs available were rejected because the wind at the time of the picture 
had not been blowing long enough to produce a disturbance of near steady-state 
proportion. 

The pictures which follow were judged to fulfill best the requirements stated 
above. Opposite each picture is the accompanying technical and other data appro- 
priate to each. In addition to the wind at the time of the photograph, the wind at 3- 
hourly intervals over the previous 24 hours is also included. The height of the ships’ 
anemometers above the sea surface was approximately 60 feet. The synoptic weath- 
er situation at the time of the picture is described briefly, and other comments are 
given when warranted. 
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BEAUFORT FORCE 4 


Wind speed 11 to 16 knots, mean 13 knots 


Sea criterion: Small waves, becoming 
longer, fairly frequent 
white caps. 


Date/Time of photograph: July 3, 1960, 


2240 GMT. 
Height of camera above sea: 35 ft. 
Wind speed 

Time (GMT) __ Direction (°T) (kn) 
2240 320 16 
2100 320 16 
1800 340 11 
1500 270 05 
1200 270 08 
0900 140 08 
0600 230 09 
0300 260 09 
0000 250 13 


Note:—Between 0000 and 2240 GMT, 
the ship had traveled eastward from 
49°3N, 133°7W to 48°8N, 128°2W, a dis- 
tance of approximately 220 nautical miles. 


Waves at time of picture 


Direction Period Height 
(°T) (sec.) (ft.) 
Sea waves 310 ig 3 
Swell — os = 


Synoptic situation 

High pressure area centered at 40°N, 
137°W, with ridge line extending north- 
eastward to 100 nautical miles west of 
the ship, then northward to the northern 
section of the British Columbia coast. 
Low pressure area centered at 55°N, 
150°W, in the Gulf of Alaska. 


Remarks 

This picture was made at 48°8N, 
128°2W, or approximately 200 nautical 
miles west of Vancouver while the ship 
was returning from Station ‘‘P.” The ship 
was moving into the area of northwesterly 
circulation east of the ridge of high pres- 
sure, and had passed the ridge line approxi- 
mately 11 hours before the time of this 
picture. It is likely that force 4 winds had 
been acting on the area longer than would 
appear from the wind data, as the ship 
was moving eastward into the area. 
Air temperature 55°6F; sea temperature 
52°74. 

Crown Copyright, Ottawa, 1975. Reprinted through permission of 


the Atmospheric Environment Service, Department of the Environ- 
ment, Canada. 
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APPENDIX X 
GEODESY FOR THE NAVIGATOR 


X1. Geodesy may be defined as that science concerned with the exact position- 
ing of points on the surface of the earth, and the determination of the exact size 
and shape of the earth. It also involves the study of the variations of the earth’s 
gravity (art. X4), and the application of these variations to exact measurements on 
the earth. 

X2. Shape of the earth.—Although the irregular topographic surface (fig. X2a) 
is most apparent and is, in fact, the surface on which actual measurements are 
made, references to the earth’s shape are not made with respect to the topography 
but to a mean sea-level surface. This surface, the geoid, is that surface to which the 
oceans would conform over the entire earth if free to adjust to the combined effect 
of the earth’s mass attraction and the centrifugal force of the earth’s rotation. As a 
result of the uneven distribution of the earth’s mass, the geoidal surface is irregular 
(fig. X2a), 

The geoid is a surface along which the gravity potential is everywhere equal 
and to which the direction of gravity is always perpendicular. The latter is particu- 
larly significant because optical instruments containing level devices are commonly 
used to make geodetic measurements. When properly adjusted, the vertical axis of 
the instrument coincides with the direction of gravity and is, therefore, perpendicu- 
lar to the geoid. 

The equipotential surface or the geoid is what is meant when referring to the 
size and shape of the earth, but such “potato-shaped” surface has serious limita- 
tions as an earth model: (1) It has no complete mathematical expression; (2) If it 
could be defined by an infinite series of measurements, there would still be a 
problem because of small variations in surface shape with time; and (8) The irregu- 
larity of the surface would necessitate a prohibitive amount of computations and 
complicate the problem of representation on the flat surface of a map. For geodetic 
and mapping purposes, it is therefore necessary to use a regular or geometric shape 
which provides a close approximation to the shape of the geoid. 

Since the earth is in fact flattened slightly at the poles and bulges somewhat at 
the equator, the geometrical figure used in geodesy to most nearly approximate the 
shape of the earth is the oblate spheroid or ellipsoid of revolution. This is the 
figure obtained by rotating an ellipse about its minor axis (fig. X2b). The ellipsoidal 
earth model has its minor axis parallel to the earth’s polar axis. 

An ellipsoid of revolution is uniquely defined by specifying two dimensions. 
Geodesists, by convention, use the semimajor axis and flattening. The size is repre- 
sented by the radius at the equator, the semimajor axis. The shape of the ellipsoid 
is given by the flattening, which indicates how closely an ellipsoid approaches a 
spherical shape. The flattening is the ratio of the difference between the semimajor 
and semiminor axes of the ellipsoid and the semimajor axis. If a and 6 represent 
the semimajor and semiminor axes, respectively, of the ellipsoid, and f is the 
flattening, 
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FiGurE X2a.—Surfaces of the earth, geoid, and ellipsoid. 


Ficure X2b.—The ellipsoid of revolution. Figure X3.—The geoid and two ellipsoids. 


As shown in figure X2a, the surface of the geoid tends to rise under mountains 
and to dip above ocean basins. The separations of the geoid and ellipsoid are called 
geoidal heights, geoidal undulations, or geoidal separations. 

X3. Ellipsoids and the geoid.—Since the surface of the geoid is irregular and 
the surface of the ellipsoid is regular, no one ellipsoid can provide other than an 
approximation of part of the geoidal surface. As shown in figure X3, the ellipsoid 
that fits well in North America does not fit well in Europe. 

X4. Deflection of the vertical.—Gravitation (art. 1407) is the mutual attraction 
between masses of matter. In geodesy, gravitation is the mutual attraction between 
the earth and bodies on or near its surface. Gravity is that force which tends to pull 
bodies toward the earth. It is the resultant of two opposing forces: gravitation and 
the centrifugal force due to the rotation of the earth. 

The irregularities in density and heights of the material making up the surface 
crust of the earth result in slight alterations of the direction of gravity. These 
alterations are reflected in the irregular shape of the geoid, the surface of which is 
perpendicular to the plumb line. 
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GEOID—ELLIPSOID RELATIONSHIPS 


(Illustrating effects of irregular mass 
distribution in the earth’s crust) 
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FicureE X4.—Deflection of the vertical in the plane of the meridian. 


The deflection of the vertical is the angle at a point on the geoid between the 
vertical (direction of the plumb line) and the direction of the normal to the ellipsoid 
of reference. For simplicity, the deflection of the vertical is shown in figure X4 at a 
point where the two normals coincide. Deflection of the vertical is also called 
station error. This deflection is usually resolved into two components, one in the 
plane of the meridian (art. 203) and the other in the plane of the prime vertical 
(art. 1430). 

X5. Coordinates.—The astronomic latitude is the angle between the plumb line 
at a station and the plane of the celestial equator (fig. X5a). It is the latitude which 
results directly from observations of celestial bodies, uncorrected for deflection of 
the vertical which, in the United States, may amount to as much as 25”. Astrono- 
mic latitude applies only to positions on the earth, and is reckoned from the 
astronomic equator (0°), north and south through 90°. 

The astronomic longitude is the angle between the plane of the celestial 
meridian at a station and the plane of the celestial meridian at Greenwich. It is the 
longitude which results directly from observations of celestial bodies, uncorrected 
for deflection of the vertical, the prime vertical component of which, in the United 
States, may amount to more than 18”. 

Astronomic observations are made by optical instruments—theodolite, zenith 
camera, prismatic astrolabe—which all contain leveling devices. When properly 
adjusted, the vertical axis of the instrument coincides with the direction of gravity 
and is, therefore, perpendicular to the geoid. Thus, astronomic positions are refer- 
enced to the geoid. Since the geoid is an irregular, nonmathematical surface, 
astronomic positions are wholly independent of each other. 

The geodetic latitude is the angle which the normal to the ellipsoid at a station 
makes with the plane of the geodetic equator (fig. X5b). In recording a geodetic 
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position, it is essential that the geodetic datum (art. X8) on which it is based be also 
stated. A geodetic latitude differs from the corresponding astronomic latitude by the 
amount of the meridional component of the local deflection of the vertical. 

Geodetic longitude is the angle between the plane of the geodetic meridian at a 
station and the plane of the geodetic meridian at Greenwich. A geodetic longitude 
differs from the corresponding astronomic longitude by the amount of the prime- 
vertical component of the local deflection of the vertical divided by the cosine of the 
latitude. 

The geodetic coordinates are the ones used for mapping. 

Geographic latitude is a general term applying alike to astronomic latitudes 
and geodetic latitudes. Geographic longitude is a general term applying alike to 
astronomic longitudes and geodetic longitudes. 

Geocentric latitude is the angle at the center of the ellipsoid (used to represent 
the earth) between the plane of its equator and a straight line (or radius vector) to a 
point on the surface of the ellipsoid. This differs from geodetic latitude because the 
earth is a spheroid rather than a sphere, and the meridians are ellipses. Since the 
parallels of latitude are considered to be circles, geodetic longitude is geocentric, 
and a separate expression is not used. The difference between geocentric and 
geodetic latitudes has a maximum of about 11/6 at latitude 45°. 

Because of the oblate shape of the ellipsoid, the length of a degree of geodetic 
latitude is not everywhere the same, increasing from about 59.7 nautical miles at 
the equator to about 60.3 nautical miles at the poles, as shown by table 6. 
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Figure X5a.—Astronomic coordinates. 


X6. Geodetic surveys.—The most common type of geodetic survey is known as 
triangulation (fig. X6a). Basically, triangulation consists of the measurement of the 
angles of a series of triangles. The principle of triangulation is based on simple 
trigonometric procedures. If the distance along one side of the triangle and the 
angles at each end are accurately measured, the other two sides and the remaining 
angle can be computed. In practice all of the angles of every triangle are measured 
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to provide exact data for use in computing the precision of the measurements. Also, 
the latitude and longitude of one end of the measured side along with the length 
and direction (azimuth) of the side provide sufficient data to compute the latitude 
and longitude of the other end ef the side. 
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FiGuRE X5b.—Geodetic coordinates. 


The measured side of the base triangle is called a baseline. Measurements are 
made as carefully and accurately as possible with specially calibrated tapes or wires 
of Invar, an alloy, highly resistant to changes in length resulting from changes in 
temperature. The tape or wires are checked periodically against standard measures 
of length (at the Bureau of Standards in the United States and corresponding 
agencies in other countries). The Geodimeter and Tellurometer, operating on optical 
and electronic principles, respectively, are replacing the older methods of base 
measurement since the work can be completed more rapidly and economically than 
with wire or tape. 

To establish an arc of triangulation between two widely separated locations, the 
baseline may be measured and longitude and latitude determined for the initial 
points at each location. The lines are then connected by a series of adjoining 
triangles forming quadrilaterals extending from each end. All angles of the trian- 
gles are observed repeatedly to reduce errors. With the longitude, latitude, and 
azimuth of the initial points, similar data is computed for each vertex of the 
triangles, thereby establishing triangulation stations or geodetic control stations. 
The coordinates of each of the stations are defined as geodetic coordinates. 

Triangulation is extended over large areas by connecting and extending series 
of arcs to form a network or triangulation system. The network is adjusted in a 
manner which reduces the effect of observational errors to a minimum. A denser 
distribution of geodetic control is achieved in a system by subdividing or filling in 
with other surveys. 
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Ficure X6a.—Triangulation, trilateration, and traverse. 


There are four general classes or orders of triangulation. First-order (primary) 
triangulation is the most precise and exact type. It uses the most accurate instru- 
ments and rigorous computation methods. It is costly and time-consuming and is 
usually used to provide the basic framework of control data for an area and the 
determination of the figure of the earth. No precaution is ignored in making the 
linear and angular measurements, or in the computations. The most accurate first- 
order surveys furnish control points which can be interrelated with an accuracy 
ranging from 1 part in 25,000 over short distances to approximately 1 part in 
100,000 for long distances. 

Second-order triangulation furnishes points closer together than in the pri- 
mary network. While second-order surveys may cover quite extensive areas, they 
are usually tied to a primary system where possible. The procedures are less 
exacting and the proportional error is 1 part in 10,000. 

Third-order triangulation is run between points in a secondary survey. It is 
used to densify local control nets and thereby position the topographic and hydro- 
graphic detail of the area. Triangle error can amount to 1 part in 5,000 in third- 
order triangulation. 

The sole accuracy requirement for fourth-order triangulation is that the posi- 
tions be located without any appreciable error on maps compiled on the basis of the 
control. Fourth-order control is executed primarily as mapping control. 

Trilateration involves the measuring of the sides of a chain of triangles or 
other polygons. From them, the distance and direction from A to B (fig. X6a) can be 
computed. 
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Traverse involves measuring distances, and the angles between them, without 
triangles for the purpose of computing the distance and direction from A to B (fig. 
X6a). 

Vertical surveying is the process of determining elevations above the mean sea- 
level surface. In geodetic surveys executed primarily for mapping purposes, there is 
no problem in the fact that geodetic positions are referred to an ellipsoid, and the 
elevations of the positions are referred to the geoid. However, for certain other 
purposes such as satellite geodesy, the geoidal heights must be taken into account 
to establish the correct height above the ellipsoid. 

Precise geodetic leveling is used to establish a basic network of vertical control 
points. From these, the height of other positions in the survey can be determined by 
supplementary methods. The mean sea-level surface used as a reference (vertical 
datum) is determined by obtaining an average of the hourly water heights for a 
specified period of time at specified tide gages. 

There are three leveling techniques—differential, trigonometric, and baromet- 
ric—which yield information of varying accuracy. Differential leveling is the most 
accurate of the three methods. With the instrument locked in position, readings are 
made on two calibrated staffs held in an upright position ahead of and behind the 
instrument (fig. X6b). The difference between readings is the difference in elevation 
between the points. 

The optical instrument used for leveling contains a bubble tube to adjust it in a 
position parallel to the geoid. When properly “set up” at a point, the telescope is 
locked in a perfectly horizontal (level) position so that it will rotate through a 360° 
arc. The exact elevation of at least one point in a leveling line must be known and 
the rest computed from it. 

Trigonometric leveling involves measuring a vertical angle from a known 
distance with a theodolite and computing the elevation of the point. With this 
method, vertical measurement can be made at the same time horizontal angles are 
measured for triangulation. It is, therefore, a somewhat more economical method 
but less accurate than differential leveling. It is often the only practical method of 
establishing accurate elevation control in mountainous areas. 

In barometric leveling, differences in height are determined by measuring the 
differences in atmospheric pressure at various elevations. Air pressure is measured 
by mercurial or aneroid barometer, or a boiling point thermometer. Although the 
degree of accuracy possible with this method is not as great as either of the other 
two, it is a method which obtains relative heights very rapidly at points which are 
fairly far apart. It is widely used in reconnaissance and exploratory surveys where 
more exacting measurements will be made later or are not required. 

X7. Reference ellipsoids.—A number of reference ellipsoids are used in geodesy 
and mapping because an ellipsoid is mathematically simpler than the geoid. Some 
of these ellipsoids and areas where used are as follows: 

Clarke 1866 (North and Central America, Greenland) 

International 1924 (Hayford 1909) (Europe, various countries in South 
America) 

Modified Clarke 1880 (Africa) 

Everest 1830 (India, Southeast Asia, Indonesia) 

Bessell 1841 (China, Korea, Japan) 

Krasovskiy 1942 (U.S.S.R. and adjacent countries) 

Australian National 1965 (Australia) 

South American 1969 (South America). 
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Reference ellipsoid constants are given in appendix D. 

In the late 1950’s, an earth model fitting the world as a whole was needed for 
manned space flights. The National Aeronautics and Space Administration, and the 
Department of Defense selected the Fischer Ellipsoid 1960 (Mercury Datum) for this 
program. A modification of the Mercury Datum in 1968 produced the Fischer 
Ellipsoid 1968, having a semimajor axis of 6,378,150 meters and a flattening of 1/ 
298.3. The geoidal heights are shown in figure X7. These heights range from about 
80 meters below the ellipsoid to about 60 meters above. 

X8. Geodetic datum.—A datum is defined as any numerical or geometrical 
quantity or set of such quantities which may serve as a reference or base for other 
quantities. 

In geodesy two types of datums must be considered: a horizontal datum which 
forms the basis for computations of horizontal control surveys in which the curva- 
ture of the earth is considered, and a vertical datum to which elevations are 
referred. In other words, the coordinates for points in specific geodetic surveys and 
triangulation networks are computed from certain initial quantities (datums). 

A horizontal geodetic datum consists of the astronomic and geodetic latitude, 
and astronomic and geodetic longitude of an initial point (origin); an azimuth of a 
line (direction); the parameters (radius and flattening) of the ellipsoid selected for 
the computations; and the geoidal separation at the origin. A change in any of these 
quantities affects every point on the datum. For this reason, while positions within 
a system are directly and accurately relatable, those from different datums must be 
transformed to a common datum for consistency. 

Just as horizontal surveys are referred to specific original conditions (datums), 
vertical surveys are also related to an initial quantity or datum. Elevations are 
referred to the geoid because the instruments used either for differential or trigono- 
metric leveling (art. X6) are adjusted with the vertical axis coincident to the local 
vertical. As with horizontal datums, there are many discrepancies among vertical 
datums. There is never more than 2 meters variance between leveling nets based on 
different mean sea-level datums; however, elevations in some areas are related to 
surfaces other than the geoid; and barometrically determined heights are usually 
relative. 

X9. Orientation of ellipsoid to geoid.—The selection of the reference ellipsoid 
provides two quantities of the geodetic datum: semimajor axis and flattening of the 
ellipsoid. The simplest means of obtaining the remaining quantities to establish the 
geodetic datum is to select a first-order triangulation station, preferably one located 
near the center of a triangulation network, to serve as the datum origin. Then the 
astronomical coordinates of the station and the astronomical azimuth of a line from 
the station to another control station are observed. The observed astronomical 
coordinates and azimuth are adopted without any correction as the geodetic coordi- 
nates and azimuth of the datum origin on the reference ellipsoid. Further, the geoid 
and ellipsoid are assumed to coincide at that point. This means that the deflection 
of the vertical and separation between the ellipsoid and geoid are defined as zero at 
the origin. By using this single astronomical station datum orientation, the normal 
to the ellipsoid is arbitrarily made to coincide with the plumb line at the datum 
origin (fig. X9). 

Although the computed positions will be correct with respect to each other in 
this type of orientation, the entire net will be shifted with respect to the axis of the 
earth. This is not significant for local use of the positions but may introduce large 
systematic errors as the survey is expanded. 
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FiGuRE X6b.—Methods of elevation determination. 


It should be noted that although the deflection of the vertical and the geoidal 
height are defined as zero at the origin, deflections will occur at other positions 
within the network. Therefore, when comparing the geodetic latitude and longitude 
of any other point in the net with the corresponding astronomic latitude and 
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Figure X7.—Geoidal heights. 


longitude of that point, systematic discrepancies will appear between the two sets of 
values. 

A datum oriented by a single astronomical point may produce large systematic 
geoidal separations. The ellipsoid is not earth-centered and its rotational axis is not 
coincident with the axis of the earth. The inconvenience of such an orientation is 
that the positions derived from different astronomically oriented datums are not 
directly comparable to each other in any geodetic computation. 

In the astrogeodetic datum orientation, the geoid and ellipsoid are oriented so 
that the sum of the squares of geoidal separations and several deflections of the 
vertical selected throughout the geodetic network is made as small as possible. 
Astrogeodetic datums are better suited over larger areas than those oriented: by a 
single astronomic position because the separation between ellipsoid and geoid is 
minimized for a best fit. 

X10. Datum connection.—In areas of overlapping geodetic triangulation net- 
works, each computed on a different datum, the coordinates of the points given with 
respect to one datum will differ from those given with respect to the other. The 
differences can be used to derive transformation formulas. 

Datums are connected by developing transformation formulas at common 
points, either between overlapping control networks or by satellite connections. 

X11. Preferred datums.—Different countries developed their own geodetic 
datums which usually differed from those of their neighbors. Accordingly, national 
maps did not agree along the borders with those of the neighboring countries. 

As military distance requirements increased, positioning information of local or 
even national scope became unsatisfactory. The capabilities of the various weapon 
systems increased until datums of at least continental limits were required. The 
best solution was the establishment of a preferred datum for an area and adjusting 
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all local systems to it. The North American, Ordnance Survey of Great Britain, 
European, Tokyo, and Indian Datums are some of those selected for this purpose. 

The North American Datum, 1927, is used in the United States. The origin is at 
Meades Ranch, Kansas. The datum is computed on the Clarke Ellipsoid 1866 which 
was oriented by a modified astrogeodetic method. The system incorporates Canada, 
Mexico, the West Indies, Greenland, and Central America. 

The origin of the European Datum is at Potsdam, Germany. Numerous nation- 
al systems have been joined into a large datum based upon the International 
Ellipsoid 1924 which was oriented by a modified astrogeodetic method. European, 
African, and Asian triangulation chains were connected. African are measurements 
from Cairo to Cape Town were completed. Thus all of Europe, Africa, and Asia are 
molded into one great system. Through common survey stations, it was also possible 
to convert data from the Russian Pulkova 1932 system to the European Datum, and 
as a result the European Datum includes triangulation as far east as the 84th 
meridian. Additional ties across the Middle East have permitted connection of the 
Indian and European Datums. 

The Ordnance Survey of Great Britain 1936 Datum has no point of origin. The 
datum was derived as a best fit between retriangulation and original values of 11 
points of the earlier Principal Triangulation of Great Britain (1783-1853). 

The Tokyo Datum has its origin in Tokyo. It is defined in terms of the Bessel 
Ellipsoid and oriented by means of a single astronomic station. By means of trian- 
gulation ties through Korea, the Japanese datum is connected with the Manchurian 
datum. Unfortunately, Tokyo is situated on a steep slope on the geoid, and the 
single-station orientation has resulted in large systematic geoidal separations as the 
system is extended from its initial point. 

The Indian Datum is accepted as the preferred datum for India and several 
adjacent ‘countries in Southeast Asia. It is computed on the Everest Ellipsoid with 
its origin at Kalianpur in Central India. 

Derived in 1830, the Everest Ellipsoid is one of the oldest of the ellipsoids in 
common use and is much too small. As a result, the datum cannot be extended too 
far from the origin or very large geoidal separations will occur. For this reason and 
the fact that the ties between local triangulation in Southeast Asia are typically 
weak, the Indian Datum is probably the least satisfactory of the preferred datums. 

X12. World Geodetic System.—The Department of Defense (DOD) in the late 
1950’s generated a geocentric reference system to which different geodetic networks 
could be referred, and compatibility established between the coordinates of sites of 
interest. Efforts of the Army, Navy, and Air Force were combined leading to the 
development of the DOD World Geodetic System 1960 (WGS 60). In accomplishing 
WGS 60, a combination of available surface gravity data, astrogeodetic data, and 
results from Hiran and Canadian Shoran surveys were used to obtain a best-fitting 
ellipsoid for the major datum areas. The sole contribution of satellite data to the 
development of WGS 60 was the value for the ellipsoid flattening (1/298.3+0.1), 
which was obtained from the nodal motion of Satellite 19588. The semimajor axis of 
the WGS 60 Ellipsoid was determined as 6,378,165+50 meters. 

In January 1966, a World Geodetic System Committee was charged with the 
responsibility for developing an improved WGS needed to satisfy mapping, charting, 
and geodetic requirements. Additional surface gravity observations, results from the 
extension of triangulation and trilateration networks, and large amounts of doppler 
and optical satellite data had become available since the development of WGS 60. 
Using the additional data and improved techniques, the Committee produced WGS 
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FicurE X9.—Single astronomical station datum orientation. 


66 which served DOD needs following its implementation in 1967. The defining 
parameters of the WGS 66 Ellipsoid were the flattening (1/ 298.25+0.02), deter- 
mined from satellite data, and the semimajor axis (6,378,145+20 meters), deter- 
mined from a combination of doppler satellite and astrogeodetic data involving a 


1352 APPENDIX X: GEODESY FOR THE NAVIGATOR 


geoid-match technique. A 24th degree and order geopotential coefficient set derived 
from a harmonic analysis of a worldwide 5° 5° mean free air gravity anomaly field 
was selected as the WGS 66 Gravitational Model. This geopotential coefficient set 
was also used in a spherical harmonic expansion to obtain the Worldwide WGS 66 
Geoid. Also, a geoid referenced to the WGS 66 Ellipsoid, providing a detailed 
representation for limited land areas, was derived from available astrogeodetic 
data. Datum shift constants for the North American Datum 1927, European Datum, 
and Tokyo Datum were obtained for each datum. 

The same World Geodetic System Committee began work in 1970 to develop a 
replacement for WGS 66. Since the development of WGS 66, large quantities of 
additional data had become available from both doppler and optical satellites, 
surface gravity surveys, triangulation and trilateration surveys, high precision tra- 
verses, and astronomic surveys. In addition, greater capabilities had been developed 
in both computers and computer software. Further, continued research in improved 
computational procedures and error analyses had produced better methods and a 
greater facility for handling and combining data. 

After an extensive effort extending over a period of approximately 3 years, the 
Committee completed the development of the Department of Defense World Geodet- 
ic System 1972 (WGS 72). Selected satellite, surface gravity, and astrogeodetic data 
available through 1972 from both DOD and non-DOD sources was used in a Unified 
WGS Solution (a large scale least squares adjustment). The results of the adjust- 
ment consists of corrections to initial station coordinates and geopotential coeffi- 
cients. 

In determining the WGS 72 Ellipsoid and associated parameters, the Commit- 
tee decided quite early to closely adhere to the approach used by the International 
Union of Geodesy and Geophysics (IUGG) in establishing the Geodetic Reference 
System 1967 (GRS 67). Accordingly, an equipotential ellipsoid of revolution was 
taken as the form for the WGS 72 Ellipsoid. An equipotential ellipsoid is simply an 
ellipsoid defined to be an equipotential surface; i.e., a surface on which all values of 
the potential are equal. Given an ellipsoid of revolution, it can be made an equipo- 
tential surface of a certain potential function, the normal gravity potential, U. This 
normal gravity potential can be uniquely determined, independent of the density 
distribution within the ellipsoid, by using any system of four independent param- 
eters as the defining constants of the ellipsoid. To determine the normal gravity 
potential without resorting to the use of a mass distribution model for the ellipsoid, 
U can be expanded into a series of zonal ellipsoidal harmonics of linear eccentricity 
in (a?—b?)!/2. The coefficients in the series are determined by using the condition 
that the ellipsoid is an equipotential surface (U=constant). Since all the zonal 
coefficients vanish, except the two of degree zero and two, a closed finite expression 
is obtained for U. Normal gravity (y), the gradient of U, is given at the surface of 
the ellipsoid by the closed formula: 


aYe Cos? b+ byp sin? bd 


(a? cos? 6+ b? sin? s)1/2 


where a is the semimajor axis, b is the semiminor axis, Ye is the normal gravity at 
the equator, y, is the normal gravity at the poles, and ¢ is the geodetic latitude. 
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Thus the equipotential ellipsoid serves not only as the reference surface or 
geometric figure of the earth but leads to a closed formula for normal gravity at the 
ellipsoidal surface, a formula easily modified for spatial applications. 

Consistent with the IUGG definition of GRS 67, the Committee took the four 
defining parameters of the WGS 72 Ellipsoid to be the semimajor axis (a), the 
earth’s gravitational constant (GM) and angular velocity (w), and the second degree 
zonal harmonic coefficient of the geopotential (C20). Other parameters associated 
with the ellipsoid, such as the semiminor axis (b) and the flattening (f), including 
the normal gravity formula, are calculated using the defining parameters. These 
and other parameters associated with the ellipsoid are given in table X12. 


Parameters Notation Magnitude Standard error 
(68. 27%) 
Gravitational constant GM 398600.5 km/sec? +0.4 
Second degree zonal Coo | —484.1605x107° — 
Angular velocity w 0.7292115147x10 * +0.1x10°% 
rad/sec 

Semimajor axis a 6378135 meters +5 
Flattening i 1/298.26 +0.6x1077 
Equatorial gravity Ve 978033.26 mgal +1.8 

(Absolute system). 
Gravitational constant GM’ 398600.8 km/sec? +0.4 

(Mass of earth’s 

atmosphere included). 


TaBLE X12.—Geodetic and geophysical parameters of World Geodetic System 1972 ellipsoid. 
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APPENDIX Y 


BUOYAGE SYSTEMS 


With modifications, two systems of buoyage have been in general use through- 
out the world from 1936 to 1977. These are the lateral system and the cardinal 
system. 

The lateral system is best suited for well-defined channels. The location of each 
buoy indicates the direction of the danger it marks relative to the course which 
should normally be followed. Thus, a buoy which should be kept on the port hand 
lies between the vessel and the danger when the buoy is abeam to port, approxi- 
mately. 

In principle, the positions of marks in the lateral system are determined by the 
general direction taken by the mariner when approaching a harbor, river, estuary, 
or other waterway from seaward, and may also be determined with reference to the 
main stream of flood current. The application of this principle is defined, as re- 
quired, by nautical documents such as sailing directions. 

The cardinal system is best suited for coasts with numerous rocks, shoals, and 
islands, and for dangers in the open sea. The location of each buoy indicates the 
approximate true bearing of the danger it marks. Thus, an eastern quadrant buoy 
marks a danger, such as a shoal, which lies to the west of the buoy, approximately. 

Although almost all of the major maritime nations have used either the lateral 
or the cardinal system for many years, details such as the shapes and colors of the 
buoys, and the characteristics and colors of lighted aids generally have varied from 
country to country. With the passage of time and the increase in maritime commu- 
nication between countries, the desirability of a uniform system of buoyage has 
become increasingly apparent. Consequently, over the past century a number of 
attempts have been made to standardize the various systems of buoyage. Interna- 
tional conferences have been held on the subject and recommendations have been 
made. These recommendations have often been conflicting, however, and although 
the differences in the various methods as applied to the cardinal system are 
comparatively slight, two distinct methods of applying the lateral system have 
evolved. The major discrepancy has been in the colors of the buoys and of their 
lights. 

In 1889, the International Marine Conference held in Washington, D.C., recom- 
mended that in the lateral system starboard hand buoys be painted red and port 
hand buoys black. With the introduction of lighted aids to navigation, these recom- 
mendations logically led to the use, by nations which had accepted the recommen- 
dation, of red or white lights on the starboard side and green or white lights on the 
port side. 

In 1936, a League of Nations subcommittee recommended a coloring system 
diametrically opposed to the 1889 proposal. This is part of the Uniform System, and 
it provides for black buoys with green or white lights on the starboard side and red 
buoys with red or white lights on the port side. 

Most maritime countries using the lateral system have adopted one of these 
two systems, usually with small variations. Until 1977 it could be said that, very 
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generally, European countries followed the Uniform System of 1936 and most other 
countries followed the system proposed in 1889. 

In 1973, new terms of reference were given to the Technical Committee of the 
International Association of Lighthouse Authorities (IALA), which had been study- 
ing various projects, including buoyage, for the previous 8 years. IALA, a nongov- 
ernmental body which brings together representatives from the aids to navigation 
services in order to exchange information and recommend improvements to aids to 
navigation based on the latest technology, has decided that a single worldwide 
system of buoyage cannot be achieved at present but considers that the use of only 
two alternative systems is practicable. The two systems are termed: [ALA Maritime 
Buoyage System ‘A’—Combined Cardinal and Lateral System (Red to Port); IALA 
Maritime Buoyage System ‘B’—Lateral System only (Red to Starboard). 

The rules for System A which included both Cardinal and Lateral marks were 
completed in 1976 and agreed by the Inter-Governmental Maritime Consultative 
Organization (IMCO) which was renamed the International Maritime Organization 
(IMO) on 22 May 1982. The introduction of the System began in 1977 and its use 
has gradually spread throughout Europe, Australia, New Zealand, Africa, the Gulf 
and some Asian countries. 

The rules for System B were completed in early 1980 and these were felt to be 
suitable for application in the countries of North, Central and South America, 
Japan, Korea and the Philippines. 


United States System 


In 1982, the United States agreed to make modifications to incorporate the 
International Association of Lighthouse Authorities IALA) Maritime Buoyage System 
for Region B. The new system is called the Modified U.S. Aids to Navigation System. 
The JALA Maritime Buoyage System for Regions A and B and the Modified U.S. Aids 
to Navigation System are illustrated in this appendix. Until the conversion program is 
completed mariners should be familiar with both systems—the old U.S. lateral system 
of buoyage and the new Modified U.S. Aids to Navigation System. 

The U.S. lateral system is not materially changed in the new system. A majority 
of U.S. aids to navigation already conform—red buoys and daymarks to starboard, 
green daymarks to port. The non conforming aids—chiefly black buoys and safe water 
buoys—will be converted on a gradual basis as they are routinely replaced or serviced. 
All changes to aids to navigation will be published in the U.S. Coast Guard Local 
Notice to Mariners and, where appropriate, the DMAHTC weekly Notice to Mariners. 

The United States System and the Modified U.S. Aids to Navigation System are 
discussed in more detail in chapter IV. 

The lateral system along the coast, as described in chapter IV, refers only to the 
side of the vessel on which buoys are kept, as indicated by color, shape, and light, if 
any; there is no numerical continuity between coast buoys. In fairways and channels, 
however, buoys are numbered consecutively from seaward. 
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Uniform System 


As recommended by the League of Nations in 1936, a country uses the Uniform 
Lateral System or the Uniform Cardinal System, or both, according to its require- 
ments or preference. When both are used, the transition from one to the other must 
be clearly indicated in appropriate publications, such as sailing directions, or by 
suitable buoyage marks. 

Both the Uniform Lateral System and the Uniform Cardinal System employ 
topmarks as an additional means of identification. Unless otherwise stated in this 
appendix, a topmark is painted the darker of the colors used on the buoy. They are 
optional in every case except on wreck buoys in the Uniform Cardinal System. 
Topmarks are not used in the United States System. 

In both the Uniform Lateral System and the Uniform Cardinal System, lighted 
buoys have the same shape as the unlighted buoys shown. 

In both the Uniform Lateral System and the Uniform Cardinal System, a quick 
flashing light is regarded as a single flashing light. 

The numbering or lettering of fairway and channel buoys is an optional feature 
of the Uniform Lateral System. In the United States System these buoys are always 
numbered, commencing from seaward. 


IALA MARITIME BUOYAGE SYSTEM 


General 


The International Association of Lighthouse Authorities (I[ALA) is a non-gov- 
ernmental body which brings together representatives of the worldwide community 
of aids to navigation services to promote information exchange as well as recom- 
mend improvements. 

In 1980 with the assistance of IMO and the IHO, the lighthouse authorities 
from 50 countries and representatives of 9 international organizations concerned 
with aids to navigation met and adopted the rules of the IALA Maritime Buoyage 
System and established the two regions, Region A and Region B. A graphic depict- 
ing the separation of the world in Regions is included in this appendix. Color plates 
illustrating the IALA Maritime Buoyage System are also included. 

Lateral marks differ within Regions A and B. Lateral marks in Region A use 
red and green colors by day and night to indicate port and starboard sides of 
channels respectively. In Region B these colors are reversed with red to starboard 
and green to port. 

Scope.—The IALA Maritime Buoyage System applies to all fixed and floating 
marks, other than lighthouses, sector lights, leading lights and marks, lightships 
and large navigational buoys (lighthouse buoys), and serves to indicate: 

1. the sides and centerlines of navigable channels; 

2. natural dangers and other obstructions, such as wrecks; 

3. areas in which navigation may be subject to regulation; 

4. other features of importance to the mariner. 

Fixed Marks.—It should be understood that most lighted and unlighted bea- 
cons, other than leading marks, are included in the system. In general, beacon 
topmarks will have the same shape and colors as those used on buoys. (Because of 
the variety of beacon structures, the accompanying diagrams show mainly buoy 
shapes.) 
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Types of Marks.—The system provides five types of marks which may be used 
in any combination: 

1. lateral marks indicate the port and starboard hand sides of channels; 

2. cardinal marks, used in conjunction with the compass, indicate that the 
navigable water lies to the named side of the mark; 

3. isolated danger marks erected on, or moored directly on or over, dangers of 
limited extent; 

4. safe water marks, such as mid-channel buoys; and 

5. special marks, the purpose of which is apparent from reference to the chart 
or other nautical documents. 

Superseded Marks.—Certain marks were superseded by the introduction of the 
IALA System, including those which indicate wrecks, middle grounds, secondary 
channels, bifurcations, and junctions; there are no special “landfall” or “transition”’ 
marks in the System. There is no differentiation between the marks for such special 
features as spoil grounds, anchorages, cable areas, and military exercise areas, all of 
which will be marked by yellow buoys which may, in addition, carry lettering to 
indicate the purpose of the buoy. 

Characteristics of Marks.—The significance of a mark depends on one or more 
features: 

1. by day—color, shape, and topmark; 

2. by night—light color and phase characteristics. 

Colors of Marks.—The colors red and green are reserved for lateral marks, and 
yellow for special marks. The other types of marks have black and yellow or black 
and red horizontal bands or red and white vertical stripes, as described later. 

Shapes of Marks.—There are five basic buoy shapes, namely, can, conical, 
spherical, pillar, and spar. In the case of can, conical, and spherical, the shape 
indicates the correct side to pass. With pillar and spar buoys, the shape has no such 
special significance. 

The term “pillar” is used to describe any buoy which is smaller than a “light- 
house buoy” and which has a tall, central structure on a broad base; it includes 
beacon buoys, high focal plane buoys, and others (except spar buoys) whose body 
shape does not indicate the correct side to pass. 

It must be understood that much existing equipment will be used in the new 
system including, for example, light-floats. Variations on the basic shapes will 
therefore be fairly common but, by day, the colors and topmarks should prevent 
ambiguity. 

Topmarks.—The IALA System makes use of can, conical, spherical, and X- 
shaped topmarks only. Topmarks on pillar and spar buoys are particularly impor- 
tant and will be used wherever practicable, but ice or other severe conditions may 
occasionally prevent their use. 

Colors of Lights.—Where marks are lighted, red and green lights are reserved 
for lateral marks, and yellow for special marks. The other types of mark have a 
white light, distinguished one from another by phase characteristic. 

Rhythms of Lights.—Red and green lights may have any phase characteristic, 
as the color alone is sufficient to show on which side they should be passed. Special 
marks, when lighted, have a yellow light with any phase characteristic not reserved 
for white lights of the system. The other types of mark have clearly specified phase 
characteristics of white light: various quick flashing phase characteristics for cardi- 
nal marks, group flashing (2) for isolated danger marks, and relatively long periods 
of light for safe water marks. 
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Some shore lights, specifically excluded from the [ALA System, may, by coinci- 
dence, have characteristics corresponding to those approved for use with the new 
marks. Care is needed to ensure that, on sight, such lights are not misinterpreted. 


Lateral Marks 


Lateral Marks—Direction of Buoyage Marks.—Lateral marks are generally 
used for well-defined channels; they indicate the port and starboard hand sides of 
the route to be followed, and are used in conjunction with a conventional direction 
of buoyage. 

This direction is defined in one of two ways: 

1. local direction of buoyage—the direction taken by the mariner when ap- 
proaching a harbor, river estuary, or other waterway from seaward; 

2. general direction of buoyage—in other areas, a direction determined by the 
buoyage authorities, following a clockwise direction around continental land 
masses, given in sailing directions, and, if necessary, indicated on charts by a 
symbol. 

In some places, particularly straits (being open at both ends), the local direction 
of buoyage may be over-ridden by the general direction. 


Cardinal Marks 


Cardinal Marks.—Names of Marks.—A cardinal mark is used in conjunction 
with the compass to indicate where the mariner may find the best navigable water. 
It is placed in one of the four quadrants (north, east, south, and west), bounded by 
the true bearings NW-NE, NE-SE, SE-SW, and SW-NW, taken from the point of 
interest. A cardinal mark takes its name from the quadrant in which it is placed. 

The mariner is safe if he passes north of a north mark, east of an east mark, 
south of a south mark, and west of a west mark. 

Uses.—A cardinal mark may be used to: 

1. indicate that the deepest water in an area is on the named side of the mark; 

2. indicate the safe side on which to pass a danger; and 

3. draw attention to a feature in a channel such as a bend, junction, bifurca- 
tion, or end of a shoal. 

Topmarks.—Black double-cone topmarks are the most important feature, by 
day, of cardinal marks; the arrangement of the cones must be memorized. More 
difficult to remember than north (two cones points up) and south (two cones points 
down) are the east (one cone point up, one cone point down) and west (two cones 
point to point) topmarks: ‘W for Wineglass’ may help. 

Cardinal marks carry topmarks whenever practicable, with the cones as large 
as possible and clearly separated. 

Colors.—Black and yellow horizontal bands are used to color a cardinal mark. 
The position of the black band, or bands, is related to the points of the black 
topmarks, thus: 

North—Points up—Black band above yellow band. 

South—Points down—Black band below yellow band. 

West—Points inward—Black band with yellow bands above and below. 
East—Points outward—Black bands above and below yellow band. 

Shape.—The shape of a cardinal mark is not significant, but in the case of a 
buoy will be pillar or spar. 
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Lights.—When lighted, a cardinal mark exhibits a white light; its characteris- 
tics are based on a group of quick or very quick flashes which distinguish it as a 
cardinal mark and indicate its quadrant. 

The distinguishing quick or very quick flashes are: 

North—Uninterrupted. 

East—three flashes in a group. 

South—six flashes in a group followed by a long flash. 

West—nine flashes in a group. 
As a memory aid, the number of flashes in each group can be associated with a 
clock face (3 o’clock—E,. 6 o’clock—S, and 9 o’clock—W). 

The long flash (of not less than 2 seconds duration), immediately following the 
group of flashes of a south cardinal mark, is to ensure that its six flashes cannot be 
mistaken for three or nine. 

The periods of the east, south, and west lights are, respectively, 10, 15, and 15 
seconds if quick flashing; and 5, 10, and 10 seconds if very quick flashing. 

Quick flashing lights flash at a rate between 50 and 79 flashes per minute, 
usually either 50 or 60. Very quick flashing lights flash at a rate between 80 and 159 
flashes per minute, usually either 100 or 120. 

It is necessary to have a choice of quick flashing or very quick flashing lights in 
order to avoid confusion if, for example, two north buoys are placed near enough to 
each other for one to be mistaken for the other. 


Isolated Danger Marks 


Isolated Danger Marks—Use.—An isolated danger mark is erected on, or 
moored on or above, an isolated danger of limited extent which has navigable water 
all around it. The extent of the surrounding navigable water is immaterial: such a 
mark can, for example, indicate either a shoal which is well offshore or an islet 
separated by a narrow channel from the coast. 

Charted Position.—On a chart, the position of a danger is the center of the 
symbol or sounding indicating it; an isolated danger buoy will inevitably therefore 
be slightly displaced on the chart. 

Topmark.—A black double-sphere topmark is, by day, the most important 
feature of an isolated danger mark and, whenever practicable, this topmark will be 
carried, with the spheres as large as possible, disposed vertically, and clearly 
separated. 

Color.—Black with one or more red horizontal bands are the colors used for 
isolated danger marks. 

Shape.—The shape of an isolated danger mark is not significant, but in the 
case of a buoy will be pillar or spar. 

Light.—When lighted, a white flashing light showing a group of two flashes is 
used to denote an isolated danger mark. The association of two flashes and two 
spheres in the topmark may be a help in remembering these characteristics. 


Safe Water Marks 


Safe Water Marks—Use.—A safe water mark is used to indicate that there is 
navigable water all around the mark. Such a mark may be used as a center line, 
mid-channel, or landfall buoy. 

Color.—Red and white vertical stripes are used for safe water marks, and 
distinguish them from the black-banded, danger-marking marks. 
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Shape.—Spherical, pillar, or spar buoys may be used as safe water marks. 

Topmark.—A single red sphere topmark will be carried, whenever practicable, 
by a pillar or spar buoy used as a safe water mark. 

Light.—When lighted, safe water marks exhibit a white light, occulting, or 
equal interval (isophase), or showing a single long flash, or Morse “A.” If a long 
flash (i.e. a flash of not less than 2 seconds) is used, the period of the light will be 10 
seconds. 

The association of a single flash and a single sphere in the topmark may be a 
help in remembering these characteristics. 


Special Marks 


Special Marks—Use.—A special mark may be used to indicate to the mariner a 
special area or feature, the nature of which is apparent from reference to a chart, 
sailing directions, or notices to mariners. Uses include: 

1. Ocean Data Acquisition System (ODAS), i.e. buoys carrying oceanographic or 
meteorological sensors; 

2. traffic separation marks; 

. spoil ground marks; 

. military exercise zone marks; 

. cable or pipeline marks, including outfall pipes; and 
. recreation zone marks. 

Another function of a special mark is to define a channel within a channel. For 
example, a channel for deep draft vessels in a wide estuary, where the limits of the 
channel for normal navigation are marked by red and green lateral buoys, may 
have the boundaries of the deep channel indicated by yellow buoys of the appropri- 
ate lateral shapes, or its center line marked by yellow spherical buoys. 

Color.—Yellow is the color used for special marks. 

Shape.—The shape of a special mark is optional, but must not conflict with 
that used for a lateral or a safe water mark. For example, an outfall buoy on the 
port hand side of a channel could be can-shaped but not conical. 

Topmark.—When a topmark is carried it takes the form of a single yellow X. 

Light.—When a light is exhibited it is yellow; the phase characteristic may be 
any, other than those used for the white lights of cardinal, isolated danger, and safe 
water marks, L.e.: 

Group-occulting, single-flashing, group-flashing with a group of four, five, or 
(exceptionally) six flashes, composite group-flashing and morse code light. In the 
case of ODAS buoys, the phase characteristic used is group-flashing with a group of 
five flashes every 20 seconds. 


Do - WwW 


New Dangers 


New Dangers—Definition.—A newly discovered hazard to navigation not yet 
shown on charts, or included in sailing directions, or sufficiently promulgated by 
notices to mariners, is termed a new danger. The term covers naturally occurring 
obstructions such as sandbanks, rocks, or man-made dangers such as wrecks. 

Marking.—A new danger is marked by one or more cardinal or lateral marks 
in accordance with the System rules. If the danger is especially grave, at least one 
of the marks will be duplicated as soon as practicable by an identical mark until 
the danger has been sufficiently promulgated. 
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Lights.—If a lighted mark is used for a new danger, it must exhibit a quick 
flashing or very quick flashing light. If it is a cardinal mark, it must exhibit a white 
light; if a lateral mark, a red or green light. 

Racons.—The duplicate mark may carry a Racon, coded D(—-), showing a signal 
length of 1 nautical mile on a radar display. 


Chart Symbols and Abbreviations 


Changes.—New symbols and abbreviations, and altered ones, are being incorpo- 
rated in DMAHTC charts when they are corrected or reprinted for use with the 
IALA Buoyage System. Symbols and abbreviations shown on charts to represent 
older systems of buoyage will remain unchanged until the new System is introduced 
into those areas. 

Conventional Direction of Buoyage.—Where the conventional direction of 
buoyage may be open to doubt it is indicated on charts by a magenta symbol. 

Pillar buoys.—The various forms of buoy termed ‘pillar buoy’ are indicated by 
the symbol introduced in 1976 for this purpose. 

Spar buoys and Beacons.—The symbol for a spar buoy is also used to indicate 
a spindle buoy. In accordance with standard practice, spar buoy symbols are sloped 
to distinguish them from beacon symbols which are upright. 

Colors.—The shading of buoy symbols formerly used to indicate the colors of 
buoys is omitted. A black (i.e. filled-in) symbol is used for green marks and for all 
spar buoys and beacons; an open symbol is used for all other colored buoys and 
beacon towers. 

The abbreviated description of the color, or colors, of a buoy is given under 
the symbol. 

Where a buoy is colored in bands, the colors are indicated in sequence from 
the top, e.g. east buoy—black with yellow band—BYB. If the sequence of the 
bands is not known, or if the buoy is striped, the colors are indicated with the 
darker color first, e.g. safe water buoy—red and white stripes—RW. 
Topmarks.—Topmarks are charted boldly. Topmark symbols are inserted in 

solid black except when the topmark is red. 

Lights.—The period of the light of a cardinal mark is determined by its quad- 
rant and by whether the light is a quick light or a very quick light; the period is 
less important than its phase characteristic. Where space on charts is limited, and 
on second and smaller scale charts, the period may be omitted. 

Light-stars.—Light-star symbols, formerly inserted above buoy symbols (and 
below the topmarks, if fitted), are omitted. This enables the topmark symbol to 
stand out more clearly, and avoids confusion with the X-shaped topmarks used on 
some special marks. 

Light-flares.—Magenta light-flares are inserted with their points adjacent to 
the position circles at the base of the symbols: this avoids the light-flares obscuring 
the topmark symbols, and is in line with international chart practice. 

Radar reflectors.—Radar reflectors are not affected by the IALA buoyage rules, 
but in 1976 their general significance was reconsidered in the study initiated by the 
need for new symbols. It was decided not to chart them on the introduction of the 
new buoyage for several reasons: it can be assumed that most major buoys are 
fitted with radar reflectors (some nations have already ceased to chart them on 
these grounds); it is necessary to reduce the size and complexity of buoy symbols 
and associated legends; and it is understood that, in the case of cardinal buoys, 
buoyage authorities site the reflector so that it cannot be mistaken for a topmark. 
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Promulgation of details of System ‘A’ symbols and abbreviations.—The sym- 
bols and abbreviations representative of IALA Maritime Buoyage System may be 
found in U.S. Chart No. 1, Nautical Chart Symbols and Abbreviations. 

Implementation of the [ALA Maritime Buoyage System.—Introduction of the 
new buoyage began in the Dover Strait in 1977. By the end of 1982 the process will 
have been completed in northwest Europe, including the Baltic Sea; in west Europe 
and in much of the Mediterranean Sea and the Red Sea; also in Singapore, Austra- 
lia, Hong Kong, and parts of Africa, the Gulf, New Zealand, Malaysia, and Indone- 
sia. Programs for the other areas have been drawn up. 

In January of each year, the latest information about the progress to date, the 
program for the coming 12 months, and the long term schedule, is given in U.S. 
Notices to Mariners. 
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Buoy: 


MARKING: 


LIGHTED Buoy: 


Buoy: 


MARKING: 


LIGHTED Buoy: White or green, interrupted quick flashing. 
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UNITED STATES SYSTEM 


4 
Port HAND 


Fairways and Channels 


STARBOARD HAND 


A | 


Odd numbers, 
seaward. 


White or green, flashing or occulting; 
or, when marking important turns, 


quick flashing. 


MAIN CHANNEL To RIGHT 


| 


May be lettered. 


Even numbers, commencing from 
seaward. 


commencing from 


Whute or red, flashing or occulting; or, 
when marking important turns, 
quick flashing. 


Middle Grounds 


MAIN CHANNEL To LEFT 


A 


May be lettered. 


| 


White or red, interrupted quick flashing. 


Where channels are of equal importance, either of the above buoys is used, without regard to the uppermost band. 


Buoy: 


MARKING: 


LIGHTED Buoy: 


Buoy: 


MARKING: 


LIGHTED Buoy: 


Mid Channel 


iY 


aaa 


May be lettered. 
White, short-long flashing. 


Wrecks or Other Obstructions 


To Br PAss—ED ON Port HaNnp 


Usually lettered ‘““WR.”’ 
White or green, quick flashing. 


To BE PASSED ON STARBOARD HAND 


A 


Usually lettered ‘“‘WR.”’ 


| 


White or red, quick flashing. 


Where wrecks or other obstructions may be passed on either hand, either Middle Ground buoy is used, without 
regard to the uppermost band. 


SHAPE: 


COLOR: 


MARKING: 


LIGHTED Buoy: 


TOPMARK: 


Buoy: 


MARKING: 


LIGHT: 
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UNITED STATES SYSTEM 


Miscellaneous 


Optional. 


Quarantine — Yellow. 
Anchorage —White. 


Fish Nets—Black-and-white horizontal bands. 


Dredging —White with green top. 


Seadromes — Y ellow-and-black vertical stripes. 
Special Purpose —White-and-international orange horizontal or vertical bands. 


May be lettered. 


Any color except red or green; fixed, occulting, or slow flashing. 


UNIFORM LATERAL SYSTEM 


Fairways and Channels 


Port HAND 


a Tf | 


“T” shaped topmark 
not used,at channel 
entrance. 


mo | 


STARBOARD HAND 


7% & | 


Diamond-shaped top- 
mark not used at 
channel entrance. 


a | 


In secondary channels only, yellow may be substituted for white in checkered buoys. 


Even numbers, commencing 
from seaward. 


Red, single flashing or occulting or group 
flashing or occulting, with a number of 
flashes or occultations up to four; or 
white, group flashing or occulting 
(2 or 4); both red and white with above 
characteristics. 


Odd numbers, commencing 
from seaward. 


White, single flashing or occulting, or 
group flashing or occulting (3); or green, 
of a different character from wreck 
markings; or both white and green with 
the above characteristics. 
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UNIFORM LATERAL SYSTEM 


Middle Grounds 


MAIN CHANNEL . CHANNELS OF MAIN CHANNEL 
To RIGHT EQUAL IMPORTANCE To LEFT 
TOPMARK: 
Bifurcation Bo C =) © 7 N 


Junction op 


7 N 

© & 

+ + 4 4 
S) & 


ee ee e | 


LicuT: Distinctive where possible. Distinctive where possible. Distinctive where possible. 


Mid Channel 


TOPMARK: Shape optional], but not conical, cylindrical, or spherical. 
Buoy: Shape optional, but not conical, cylindrical, or spherical. 
CoLor: Red-and-white or black-and-white vertical stripes; topmark red or black to conform with buoy. 


LicuHT: Different from neighboring lights. 


Marking of Wrecks 


To BE PAssEp ON To BE PASSED ON To BE PASSED ON 
Port HAND EITHER HAND STARBOARD HAND 
By Buoys 
TOPMARK: 4 © a 
Buoy: | 
MARKING: “W” in whate. “W” in white. “W”’ in white. 
LIGHT: Green, group flashing (2). Green, single occulting. Green, group flashing (8). 
By Vessels 
VESSEL: 


MarKING: “W"or“ WRECK” in white. “Wor WRECK” in white. “W "or “WRECK” in white. 
LIGHT: Fixed green, corresponding in number and arrangement to shapes displayed by day. 


BELL: Two strokes at intervals of | Four strokes at intervals of Three strokes at intervals of 
not more than 30 seconds. not more than 30 seconds. not more than 30 seconds. 
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UNIFORM CARDINAL SYSTEM 


Danger Markings 


NW NE 


TOPMARK: a 


Buoy: zs 


LIGHT: White. Preferably flashing 
or group flashing, with odd 
number of flashes; or occulting 
or group occulting, with odd 
number of occultations. 


TOPMARK: 


Buoy: A 


LIGHT: Red, preferably, or white. 
Flashing or group flashing, pref- 
erably, with odd number of 
flashes; or occulting or group 
occulting with odd number of 
occultations. 


» 4 a 
TOPMARK: A Ww 


Buoy: 


LicuHT: White. Preferably group 
flashing with even number of 
flashes, or group occulting with 
even number of occultations. 


TOPMARK: 


Licut: Red, preferably, or white. 
Group flashing, preferably, with 
even number of flashes; or group 
occulting with even number of 


SW occultations. SE 
Variations in Danger Markings 
Northern Eastern Southern Western Northern Eastern 
Quadrant Quadrant Quadrant Quadrant Quadrant Quadrant 


Pale 7 oe ea 


Note: The number of characteristic shapes employed for the 
buoy itself may be limited to two, the conical shape being 
employed in the northern and eastern quadrants and the 
cylindrical shape in the southern and western quadrants, as 


shown above. 


Note: When spars only are used, it 
may be advantageous in the 
northern and eastern quadrants to 
reverse the positions of the dark 
colors, a8 shown above. 
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UNIFORM CARDINAL SYSTEM 


Marking of Wrecks 


WESTERN QUADRANT EASTERN QUADRANT 
TOPMARK: WwW a 
A vv 
Buoy: 
all aal 
MARKING: “W”’ in white, if possible. “W” in white, if possible. 
LIGHT: Green, quick flashing. Green, interrupted quick flashing. 


In the Uniform Cardinal System, wreck buoys are not used in the northern or southern quadrants. 


UNIFORM SYSTEM—LATERAL AND CARDINAL 
(Common To Both) 


Isolated Dangers 


TOPMARK: @ © & 
Buoy: 
LIGHT: White or red, rhythmic. 
Miscellaneous 


TOPMARK: Landfall— Shape optional, but not misleading. 
Transition — Shape optional, but not misleading. 
Others— None. 


Buoy: Shape optional, but not misleading. 


COLOR: Landfall —Black-and-white or red-and-white vertical stripes. 
Transition —Red-and-white or black-and-white spiral bands. 
Quarantine — Yellow. 
Outfall—Yellow above and black below. 
Military Practice Area—White, with two blue stripes rising from the waterline and 
intersecting at right angles on top of the buoy, and, optionally, lettering in the 
national language indicating a danger area (e.g., in English, ‘“D.A.’’). 


LIGHT: Landfall —Rhythmic. 
Outfall— Optional, with due regard to other lights in the area. 
Others—None. 
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BUOYAGE SYSTEMS 


APPENDIX Y 


o 
> 
= 
m 
= 
Zz 
m 


Ss 


ANIddl 


Hd . 
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[ALA MARITIME BUOYAGE SYSTEM 
LATERAL MARKS REGION A 


PORT HAND - ~ STARBOARD HAND , 
a a 


7 Pillar Spar | Pillar Spar 


Topmark (if any): Single can. Topmark (if any): Single cone, 
point upward. 


BUOYAGE 
DIRECTION 


Lights, when fitted, may have any phase 
characteristic other than that used 
for preferred channels. 


Examples 
Quick Flashing AAAAAAAAAAAL) 
em | yon Wise mn se 
Cae n, Cia a 
OME Group Flashing 
PREFERRED CHANNEL PREFERRED CHANNEL 
TO STARBOARD pg TO PORT A 
0 a 
con Pillar Spar fale Bow i Pillar |. 
g!O 
qe 
ow 
ae 
Topmark (if any): Single can. "= Topmark (if any): Single cone, 


point upward. 


Lights, when fitted, are composite 
group flashing Fl (2 + 1). 


a 
> 
> 
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IALA MARITIME BUOYAGE SYSTEM 
LATERAL MARKS REGION B 


PORT ew 


Topmark (if any): Single can. 


STARBOARD HAND, 


, fs : Spar 


Topmark (if any): Single cone, 
point upward. 


Lights, when fitted, may have any phase 
characteristic other than that used 
for preferred channels. 


Examples 

ERYYVYVYYYYYS oN Flashing QUVYYTTETVTY 

Ca Flashing Cae 

Cs Long Flashing a Fa) 

iB Group Flashing 2 

PREFERRED CHANNEL PREFERRED CHANNEL 
TO STARBOARD g TO PORT A 
a) 
Can Pillar Spar wiz Conical Pillar Spar 
‘1 : 
fore 
a 
aS 
Topmark (if any): Single can. Topmark (if any): Single cone, 


point upward. 


Lights, when fitted, are composite 
group flashing Fl (2+1). 
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[ALA MARITIME BUOYAGE SYSTEM 
CARDINAL MARKS REGIONS A AND B 


Topmarks are always fitted (when practicable), 
Buoy shapes are pillar or spar. 


N 


VQ 


Wy, ee & 


VQ (9) 10s 


an hy 
a tr 
ii ATA] 
Q (9) 15s é we 


a 

wv 

| E 

VO (3)5 

vv vy Be 
ration 

pa 

i (6)+LFIL10s 


Q (6) +LFL15s Se 


Lights, when fitted, are white , Very Quick Flashing 
or Quick Flashing; a South mark alsu has a 
Long Flash immediately following the quick flashes. 
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[ALA MARITIME BUOYAGE SYSTEM 


REGIONS A AND B 
ISOLATED DANGER MARKS 


Topmarks are 
always fitted 
(when practicable). 


Shape: Optional, but not 
conflicting with lateral 
marks; pillar or spar 
preferred. 


Topmark (if any): 
Single sphere. 


Shape: Spherical 
or 
pillar or spar. 


Topmark (if any): 
Single X shape. 


Shape: Optional, but not 
conflicting with 
navigational marks. 


@ 
@ 
SAFE WATER MARKS 
e® °®@ 
SPECIAL MARKS 


i | 


Light, when fitted, is 
white 
Group Flashing (2) 


(ee |) (2) 


Light, when fitted, 

is white 

Isophase or Occulting, 

or one Long Flash 

every 10 seconds or 

Morse “A”. 

Cea Tso 

c—a—as Occ 

que eee 1, |]. 10s 


cams Morse “A” 


Light (when fitted) is 
yellow and may have 
any phase characteristic 
not used for white lights. 


Examples 


eee || Y 
Cae |] 


(4) Y 
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MODIFIED U.S. AID SYSTEM 
LATERAL AIDS AS SEEN ENTERING FROM SEAWARD 


PORT SIDE SAFE WATER STARBOARD SIDE 


ODD NUMBERED AIDS NO NUMBERS—MAY BE LETTERED EVEN NUMBERED AIDS 
4 
© WHITE LIGHT ONLY MORSE CODE WRED LIGHT ONLY 
@ GREEN LIGHT ONLY Merrie apes 


FIXED =D 
FLASHING = 
OCCULTING coe 
QUICK FLASHING GE 
EQ INT jeer 


AXE) === eeerg 
FLASHING ree 
OCCULTING [oa 
QUICK FLASHING jononoomm 
EQ INT see 


SPHERICAL LIGHT. 
AND/OR SOUND 


& 


G9” 
FI G 4sec 
LIGHTED BUOY 


“ee 


FI R 4sec 


PREFERRED CHANNEL 
NO NUMBERS—MAY BE LETTERED LIGHTED BUOY 


COMPOSITE ae Hea (2+ ae 
Oo 


aoe LIGHT on 


a iGHT ONLY 
g # Foss) &, Gon) 
C7" 
CAN LIGHTED NUN 


PREFERRED PREFERRED 
CHANNEL TO CHANNEL TO 
STARBOARD PORT 
TOPMOST BAND TOPMOST BAND 
GREEN RED 
§ GR g RG 
CULL" “yy < 
DAYMARK R 
B ae DAYMARK A “on 


NOTE: WHEN USED ON THE INTRACOASTAL WATERWAY, THESE AIDS ARE 
ALSO EQUIPPED WITH SPECIAL YELLOW STRIPS, TRIANGLES, OR SQUARES. 
WHEN USED ON THE WESTERN RIVERS (MISSISSIPPI RIVER SYSTEM), THESE 
AIDS ARE NOT NUMBERED. 
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SPECIAL AIDS TO NAVIGATION 


SHAPE: OPTIONAL—BUT SELECTED TO BE APPROPRIATE FOR THE POSITION 
OF THE MARK IN RELATION TO THE NAVIGABLE WATERWAY AND THE 
DIRECTION OF BUOYAGE. 
YELLOW LIGHT ONLY 
LIGHT RHYTHM—ANY RHYTHM 
EXCEPT THOSE 
NOTED BELOW 


&y 


UNLIGHTED LIGHTED 


Y 
O pn 


SPECIAL AIDS TO NAVIGATION MAY EXHIBIT ANY LIGHT RHYTHM EXCEPT 
MORSE “A”, MORSE “U”, GROUP FLASHING (2), ISOPHASE, OCCULTING, LONG 
FLASH, QUICK FLASHING, VERY QUICK FLASHING, GROUP QUICK FLASHING, 
GROUP VERY QUICK FLASHING, GROUP QUICK FLASHING PLUS LONG FLASH, 
GROUP VERY QUICK FLASHING PLUS LONG FLASH. 


CROSSING DAYMARKS FOUND ON THE WESTERN RIVERS 
(MISSISSIPPI RIVER SYSTEM) 


oO ? 


RANGE DAYMARKS—MAY BE LETTERED 


KGW KWG KWB KBW KWR KRW KRB KBR KGB KBG KGR KRG 


anes 


DANGER CONTROLLED AREA EXCLUSION AREA 


NW 


INFORMATION MARKERS 


WHEN LIGHTED, INFORMATION AND REGULATORY MARKS WILL DISPLAY 
YELLOW LIGHTS. 
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The Articulated Light.—A new concept in the design and construction of offshore 
aids to navigation is slowly gaining acceptance among maritime nations of the world 
in the form of a uniquely pivoted structure termed the articulated light. Modified 
from an earlier experimental type of single point mooring, this novel structure has 
recently made its appearance in waters of the United States where it has been found 
particularly advantageous in marking navigable channels that require an increased 


measure of position integrity. 


Essentially, the articulated light consists of three elements: on the sea floor, a 


weighted sinker; attached directly 
to this by a variety of devices in- 
corporating the principles of the 
universal joint, an elongated pipe- 
like structure of sufficient length 
and diameter; and lastly, at a sub- 
merged, predetermined distance 
along the pipe, a buoyancy cham- 
ber. Its principle of operation is 
such that the buoyancy chamber 
seeks always to maintain the 
structure in a vertical position di- 
rectly over the sinker. Should the 
structure heel over under the ef- 
fects of wind, waves and/or cur- 
rent, the righting tendency of the 
chamber, becoming greater with 
deeper submergence, automatical- 
ly forces the structure back to its 
normal stance. Thus the articulat- 
ed light has a far more reduced 
watch circle than the traditionally 
moored buoy. And while its posi- 
tion is necessarily less precise than 
that of a fixed beacon, it neverthe- 
less remains accurate enough that 
initial cost, comparatively easy de- 
ployment and ability to survive 
collision, among other advantages, 
increasingly recommend the struc- 
ture as an economical yet efficient 
aid to navigation, particulary in 
sheltered waters and along narrow 
ship channels with little margin 
for error. 


——; FOCAL PLANE 
AUS | 
B 


15’ 


oe 
“spig SPLATFORM 
WATER LINE — 
BUOYANCY 
CHAMBER 


44° 


“A, B, C” Tables for Azimuth, Great Circle 
Sailing, and Reduction to the Meridian; 
OF BLACK DUNG ceaccenccosceoscts oss Beeetereeeee teeta ee 

AMVER Bulletin, information in................... 

AMVER Bulletin, publication... 

AMVER Users Manual, availability of ......... 

AN/BRN-3 Radionavigation Set, of satel- 
lite navigation, discussed.............seccueceeeees 

AN/PRR-14 Geoceiver, accuracy of............... 
eSIgN CHAFACTETISUICS........ cee teccsstscouss carsctouts 
CISCUSSCC ME EEE... SE Ag elise AU soccsthensctamkuled 
functional description. .......---ccs<..ca-c-ssesesectenes 

AN/SRN-9 integral doppler navigation, 


AN/SRN-9 Radionavigation Set, of satel- 
lite navigation, accuracy Of...............00 
evel OpMenty Oba sire eee cncenennnse tere ee 
AN/SRN-19 Radionavigation Set, of satel- 
lite navigation, accuracy Of.............::00 


functional Aescriptionesccscescteuccschensansssnesesee~ 
AN/WRN-5 Radionavigation Set, of satel- 
lite navigation, accuracy Of...........:.:000++ 


functional description. .................scssesseeres 
AE RCO DC MOLT AC AT cess teres ps eerie ee teeneasge sere 
Abandoning ship, before lowering boats....... 
Estimate OL SIGUAGIOM bates ctrge:-.2acenessmensetsatec=s- 
Abbreviation Spits cee c.oeercerses-- ese reeatetetint es 
OLA TUAC Sy SLOT oe ceeee cn caeescessers eeeeee seston ste rere 
Aibeam, defined)... sceettsetes.cct-nccntsrcsas-ncpespienercss 
Aberration, discovery Of ........:::sscssescessereeneeeees 
EXPLAIN] eco scan cyenscocecoaset¥e-oeeataemesenntriner==-2=oerc 
Absolute motion, of celestial bodies, dis- 


LOT TTACC IG eee oo caceccesceecsecde easeet os ceeetnernecce ee 
Absolute temperature, defined............::01++ 
Absolute zero, defined..............:...sscassessnseseseee-ee 
Absorption, and scattering, of radio waves .. 
Accelerating anode, of cathode-ray tube....... 
Acceleration error, of Sextant ........::ccsceeeees 
Accelerometer(s), in inertial navigation, de- 


Accuracy, Of Charts........:::cccssseseesessesresseneneeeens 
EA COMSO! eco Meee ete toe soso seesenssemettvesesacs 
FY PUD Yee ere SEB cope orechccL bok cEPROCCERED ICE BLOCK ECACC 


(51 Pal brah eatin el Ob exe ccc eee cena oe 
Additional Secondary Phase Factor, of 
Loran-C signals ..........:::::csceseseececesesenerseneneneees 
Admiralty List of Radio Signals (vol. 5)....... 
Consol and Consolan procedures in..........-. 


INDEX 


Page 


Page 
Admiralty List of Radio Signals (vol. 5)— 
Continued 
Decca Information, IW. ,.<.cc-...-teleeestsseseeeess ceo 1058 
Advance, of line of position ............ cee ceseeeeeee 468 
of vessel in turn, defined ...............cccceseeeeee 305 
Advancedical culator(s) evecsstessevseescaeqecesticee scree 1299 
RISE! OF Seeesesiten tae thas en ets 1308 
Advection fog, formation Of ............c:cceeeeeeeeee 919 
Aerial and Marine Navigation Tables, of 
GU CHa eee eas cove cae ove coens taceshcgeetseceescecteet test 599 
Aeromarine radiobeacon(s)..........:.ssscesceeeeeeeee 972 
Aeronautical light(s), on charts ..............:06 125 
GISCUSSOUALY. Meee Serreecres tee iat tatoseesidttess 93 
Aeronautical radiobeacon(s) .............cesceeeeees 972 
Ageton, Arthur A.; sight reduction tables 
Of rece ee eee Bee tea eacanes Mertisetess 600 
Agonicilinendetined eecrstercscttetstsenestsaters 128, 206 
Aguilas) Ctrremtgercsrceetcsecserceresssesaseeserssse 822 
Aid(s) to navigation, chart symbols for ......... i 
GLI OG ie csroccccccencuneeee ss ce steteneptereeateee aostcessctsoctes 92 
ISCO Y) Ol eetacersrc corset cece cceseoeaccaceargntocestsesevezeer 15 
IDELVALC MGISCUSSEOS sserrcesecsetserscseteseonsassucancees 110 
protection by law, discussed ..............::::++ 110 
visual and audible, introduction to............. 92 
Air Almanac, of Weems .........::c.scesscesereesereeee 42 
Air Almanac, The; altitude corrections 
DY eee eterna sec ceieaceceetet eee tansar acs 449 
ATCHO LIME LAD elise ttre cereesessteseeesasssereers cea 475 
augmentation COrrectiOn iM ..........::ceeee 443 
CEST DOG creates tesert ere cserae tre cue enestessteretestsec: 522 
AIP COLTECUION UN iceeeressescocaceensesesacers-carvarsonen: 437, 448 
equation of time bY.................-s-cecerererererereres 505 
EXtTACtsprOllmre see cere strait cre enmanesscees 1199 
finding GHA and declination, of moon...... 525 
Ol Plame i aetessetecoctctvesrecsessasesscanarseeeeseseccrnsn 526 
OLB GANS eer eeaoe eesr erect ceesasaercsssncscsenssttsere: 528 
OPA BULTN ear ec caoes srt sineas coszsce sapoaoseescesn 524 
finding time, of moonrise and moonset..... 532 
of sunrise and SUNSEt .............:cceccereerreecees 529 
OL bwilig bteveereresseccteceecs-cereceer=seetsrerontneessas 530 
low altitude COrrections ............:csscereeeeneees 453 
parallax COrreCtiON IN ......cceceeeceseeseseseseseees 446 
planet location diagram 1M.............:::sssse 656 
Polaris correction table i1..........cccecseereeees 577 
PUDLicAtion Of..........cesececeseceeneesesenssssseeeseesens 520 
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